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im’RODUCTION 


This  dissertation  describes  the  utilization  by  Saimonel I a 
tvphi muri  urn  of  succinate  as  sole  carbon  source.  The  initial  observation 
indicated  that  two  types  of  behavior  could  be  observed  in  the  different 
strains,  one  was  delayed  utilization,  that  is,  maximum  growth  not  at- 
tained until  60  to  80  hrs;  the  other  was  rapid  utilization,  that  is, 
maximum  growth  in  9 to  12  hrs.  This  phenomenon,  not  previously  reported 
in  the  literature,  was  studied  in  an  attempt  to  elucidate  the  mechanism 
accounting  for  the  two  types  of  behavior. 

The  experimental  work  was  begun  as  a study  of  the  characteris- 
tics of  seven  mutants  produced  by  ultraviolet  irradiation  of  the  wild 
strain  (Herzberg,  1962).  These  mutants  were  originally  isolated,  using 
the  penicillin  technique  of  Davis  (19^),  on  Davi  s-Mi  ngi  ol  i medium. 

They  were  characterized  by  an  Inability  to  grow  on  this  medium,  which 
contained  both  glucose  and  citrate,  unless  it  was  supplemented  with  as- 
partate. That  all  of  the  mutants  could  utilize  citrate  as  sole  carbon 
source  was  obscured  by  the  probable  repression  of  citrate  permease  caused 
by  the  presence  of  glucose  in  the  medium.  When  the  mutants  were  tested 
In  a number  of  other  carbon  sources  it  was  found  that  they  all  grew  read- 
ily with  citrate,  but  varied  in  their  ability  to  utilize  Krebs  cycle 
four-carbon  intermediates.  Thus  the  mutation  produced  by  the  irradiation 
represented  a characteristic  distinct  from  the  ability  to  grow  on  four- 
carbon  compounds.  One  mutant,  designated  X39»  was  selected  for  further 
study.  This  organism  reached  a maximum  optical  density  within 
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twenty-four  hours  when  succinate  was  the  sole  carbon  source;  in  contrast 
the  wild  strain  required  60  to  80  hrs  to  reach  a similar  density.  The 
objective  of  this  research  was  to  determine  the  causes  for  this  differ- 
ence in  time  required  to  reach  maximum  growth. 

Among  the  possible  causes  for  this  phenomenon  the  three  consid- 
ered most  probable  were  (a)  increased  permeability  of  the  mutant,  which 
would  permit  it  to  concentrate,  rapidly  a large  pool  of  internal  succi- 
nate, and  thus  to  have  utilizable  substrate  readily  available;  (b)  en- 
hancement of  the  activity  of  Krebs  cycle  enzymes,  which  would  allow  a 
more  rapid  turnover  rate  so  that  more  substrate  could  be  metabolized  in 
a given  time;  or  (c)  the  release  of  internal  catabolic  inhibitors  by  the 
mutant  so  that  succinate  utilization  could  proceed  freely.  These,  there- 
fore, were  the  areas  in  which  the  investigation  was  centered. 

Of  the  above  possibilities  the  increase  in  permeability  was  the 
easiest  to  test.  Failure  to  account  for  variations  in  permeability  has, 
in  the  past,  led  to  erroneous  conclusions  concerning  the  function  of  the 
Krebs  cycle  in  microorganisms.  In  their  early  investigations  Krebs  and 
Johnson  (1937)  concluded  that  the  cycle  was  absent  in  yeast  and 
Escheri chi  a col i because  citrate  was  not  oxidized  at  an  appreciable  rate 
by  whole  cells.  Similarly,  Karlsson  and  Barker  (1948),  using  the  tech- 
nique of  sequential  induction,  showed  that  cells  of  Azotobacter  agilis. 
which  were  grown  in  acetate,  were  not  able  to  oxidize  a-ketogultarate, 
succinate,  malate,  or  pyruvate,  and  they  also  concluded  that  the  tri- 
carboxylic acid  cycle  was  not  present  in  these  organisms.  Stone  and 
Wilson  (1952),  using  Azotobacter  vinelandii.  showed  that  nonproliferat- 
ing cells  required  a period  of  time  before  they  could  oxidize  succinate. 
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fumarate,  malate,  or  a-ketogl utarate,  and  that  such  cells  failed  to  oxi- 
dize citrate.  Cell  extracts,  however,  were  able  to  oxidize  the  sub- 
strates rapidly.  Similar  observations  were  made  with  other  organisms: 
Campbell  and  Stokes  (1950  had  reported  similar  results  in  Pseudomonas 
aeruq i nosa  which  was  grown  on  acetate.  Lara  and  Stokes  (1952)  observed 
the  oxidation  of  citrate  by  dried  cells  of  Escherichi a col i although  the 
intact  cells  could  not  use  it.  Barrett  ei.  al.  (1953)  subsequently  showed 
that  a lag  of  seventy  minutes  occurred  when  Pseudomonal  f 1 uorescens . 
grown  in  fumarate,  was  transferred  to  citrate.  The  cell  extracts,  how- 
ever, did  not  show  this  lag.  Ultraviolet  irradiation  destroyed  the 
ability  of  the  cells  to  adapt  to  citrate.  All  of  these  observations  are 
known,  now,  to  be  due  to  the  necessity  for  Induction  of  a permease,  and 
this  inductive  capacity  was  destroyed  by  irradiation.  The  work  of  Saz 
and  Krampitz  (1955),  using  Micrococcus  1 vsodei kt t cus,  and  of  Aj 1 (1950) 
and  Swim  (1952)  with  Escherichi a col i established  that  citrate  could  be 
readily  oxidized  by  extracts  of  these  organisms.  Thus  the  failure  to 
demonstrate  citrate  utilization  by  whole  cells  was  due  to  the  lack  of 
substrate  penetration,  and  not  to  the  lack  of  the  necessary  oxidative 
enzymes . 

Subsequent  studies  using  radioisotopes  substantiated  the  pres- 
ence of  the  Krebs  cycle  in  these  bacteria.  Since  these  early  studies 
the  Krebs  cycle  has  been  demonstrated  in  Pseudomonas  aerugi nosa  (Campbell 
and  Stokes,  1950),  Aerobacter  aerogenes  (Gllvarg  and  Davis,  1956). 

Samonel  1 a tvphosa  and  Sal  monel  1 a paratyphi  (Fukumi  3i.* » ^953). 

Brucella  abortus  (Altenbern  and  Housewright,  1952),  Mycobacterium  tuber- 
culosi s (Goldman,  1956),  Propi  oni  bacter i urn  pentosaceum  (Delwiche  and 
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Carson,  1953) » and  Rhodospi ril i urn  rubrum  (Eisenberg,  1953).  Presumably 
the  cycle  is  present  In  all  organisms  which  carry  on  an  oxidative  metab- 
olism. Through  it  the  cell  derives  the  energy  necessary  to  carry  on 
cell  functions,  and  the  carbon  skeletons  for  the  formation  of  amino  acids 
and  other  organic  molecules.  Thus  the  role  played  by  the  Krebs  cycle  is 
a central  and  most  vital  one  in  the  over-all  metabolism  of  the  bacterial 
cell,  and  differences  in  enzyme  activity  might  be  expected  to  cause  dif- 
ferences In  the  ability  of  a cell  to  grow  with  Krebs  cycle  Intermediates 
as  substrates. 

In  1957  Kornberg  and  Madsen  demonstrated  the  presence  of  i so- 
citrltase  and  malate  synthetase  In  extracts  of  pseudomonas  grown  on  ace- 
tate as  the  sole  carbon  source,  and  proposed  the  glyoxylate  cycle.  This 
cycle  serves  to  provide  four-carbon  compounds  to  the  cell  growing  on 
two-carbon  comf>ounds  by  the  condensation  of  glyoxylic  acid  and  acetyl 
Coenzyme  A to  form  malate  which  is  then  oxidized  through  the  usual  Krebs 
cycle  steps  to  isocitric  acid.  Isocitric  acid  Is  split  by  the  action  of 
isocitritase  to  glyoxylate  and  succinate  which  are  recycled.  In  the  or- 
ganisms so  far  studied  it  has  proved  to  be  an  inducible  system.  Reeves 
and  Aj 1 (I960),  using  £.  coll,  showed  the  presence  of  both  isocitritase 
and  malate  synthetase  in  cultures  grown  on  ribose  or  succinate,  suggest- 
ing that  induction  is  not  limited  to  two-carbon  units  as  was  originally 
thought.  The  Krebs  cycle  and  the  glyoxylate  cycle  are  closely  interact- 
ing mechanisms,  and  so  may  be  expected  to  exert  a strong  influence  on 
one  another. 

While  growth  on  the  four-carbon  Krebs  cycle  intermediates  has 
not  been  previously  established  in  Salmonella  tvphimurium.  Englesberg 
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(1961)  did  report  that  three  mutants  unable  to  grow  on  glucose  could 
grow  on  the  citric  acid  cycle  intermediates  including  the  four-carbon 
acids.  Further  evidence  of  its  ability  to  utilize  citrate  is  its  growth 
on  Simmons  citrate  agar  which  contains  citrate  as  sole  carbon  source. 
Although  the  literature  contains  no  reference  to  the  study  of  the  Krebs 
cycle  in  this  organism,  Kun  and  Abood  (1949)  demonstrated  succinate  oxi- 
dizing activity  in  an  endotoxin  preparation  from  Salmonella  aertrvcke 
(il£h  i muri urn) . and  characterized  the  enzyme  as  succinic  dehydrogenase. 
Further,  most  of  the  enzymes  required  for  the  operation  of  the  Krebs 
cycle  have  been  demonstrated  In  such  closely  related  species  as  S.. 
tvphosa  and  S.  paratyphi  1 (Fukumi  ^ , 1953). 

Another  cause  originally  suggested  for  the  slow  growth  of  the 
wild  strain  on  succinate  medium  was  the  action  of  internal  inhibitors. 
Efficient  metabolism  of  the  cell  requires  a strict  regulation  of  reac- 
tion systems.  Because  of  its  essential  role  in  over-all  metabolism  of 
the  cell  this  regulation  is  especially  important  in  the  case  of  the  Krebs 
cycle.  One  means  of  controlling  the  cycle  is  by  the  action  of  inhibitors 
formed  catabol ical ly.  While  there  is  little  information  available  con- 
cerning such  an  effect  on  the  other  steps  of  the  Krebs  cycle,  the  litera- 
ture does  contain  many  examples  relating  to  succinic  dehydrogenase.  As 
far  back  as  1937  Das,  using  enzyme  preparations  from  mammalian  tissue, 
showed  that  succinic  dehydrogenase  could  be  inhibited  by  the  product  of 
a reaction  several  steps  removed  from  it,  oxalacetate.  This  effect  was 
studied  more  extensively  by  Pardee  and  Potter  (1948).  They  observed  that 
addition  of  oxalacetate  to  rat  liver  mitochondria  which  were  respiring 
succinate  caused  a transitory  inhibition.  Subsequent  experiments  using 
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succinic  dehydrogenase  showed  that  the  effect  was  due  to  a competitive 
inhibition,  oxalacetate  having  an  affinity  for  the  enzyme  which  was  one 
thousand  times  greater  than  that  of  the  substrate.  A similar  inhibitory 
effect  of  oxalacetate  was  reported  by  Stone  and  Wilson  in  1952  when  they 
showed  that  cell  extracts  prepared  from  azotobacter  could  oxidize  citrate, 
a-ketogl utarate,  fumarate,  and  malate  rapidly,  but  succinate  oxidation 
was  much  slower.  They  further  demonstrated  that  the  initial  rapid  rate 
of  oxygen  uptake  on  the  other  four  acids  fell  to  the  level  of  succinate 
oxidation  after  ten  to  twenty  minutes.  Upon  analysis  of  the  reaction 
mixtures  they  were  able  to  demonstrate  a fourfold  greater  accumulation  of 
oxalacetate  with  succinate  as  the  substrate  than  in  the  controls.  An 
inhibition  of  succinate  respiration  in  rat  liver  mitochondria  by  added 
glyoxylate  has  also  been  reported  (Ruffo,  Adinolfi,  Budillon  and 
Capobianco,  I962),  but  no  such  effect  has  been  observed  in  bacterial 
systems. 

The  literature  reviewed  has  provided  a precedent  for  the  three 
explanations  for  the  slow  growth  of  the  wild  strain  with  succinate  which 
were  suggested  earlier.  With  these  in  mind  the  problem  was  approached 
through  a series  of  growth  studies,  which  demonstrated  the  stimulatory 
effect  of  glutamate  and  acetate  on  growth  of  the  wild  strain  with 
succinate. 

Examination  of  the  comparative  respiratory  activities  did  not 
demonstrate  any  large  differences  between  the  organisms,  nor  did  a sur- 
vey of  Krebs  cycle  and  related  enzymes,  with  the  exception  of  isocit- 
ratase.  From  respiratory  data  it  was  concluded  that  permeability  dif- 
ferences were  not  a major  factor  in  the  problem.  The  second  hypothesis, 
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that  Krebs  cycle  enzyme  activity  was  enhanced  in  the  mutant,  was  also 
not  supported  by  experimental  evidence.  The  results  of  the  growth  stud- 
ies suggested  that,  of  the  possibilities  mentioned  in  the  beginning,  in- 
ternal regulation  was  the  most  likely.  In  view  of  the  many  reported 
cases  of  succinic  dehydrogenase  inhibition  by  oxalacetate  it  seemed  pos** 
sible  that  some  similar  effect  was  occurring  in  these  organisms.  How- 
ever, the  experiments  using  radioisotopes  failed  to  show  any  accumula- 
tion of  oxalacetate  or  other  Krebs  cycle  intermediates.  The  rapid  oxi- 
dation of  succinate  by  resting  cells  confirmed  this  result.  The  conclu- 
sion on  the  basis  of  the  evidence  obtained,  was  that  the  failure  of  the 
wild  strain  to  grow  with  succinate  as  the  sole  carbon  source  was  not 
directly  associated  with  the  tricarboxylic  acid  cycle.  The  phenomenon 
may  be  due  to  a regulatory  process  presently  unknown,  or  to  a failure  of 
one  of  the  associated  reactions  leading  to  amino  acid  formation. 


MATERIALS  AND  METHODS 


Bacterl al  strai ns . The  strain  of  Salmonel la  tYPhymurl um  used 
was  a virulent  one,  designated  strain  7,  obtained  from  the  Florida  State 
Bureau  of  Laboratories,  Jacksonville,  Florida,  and  described  by  Herzberg 
(1962).  Stock  cultures  were  maintained  on  trypticase  soy  agar  slants  at 
room  temperature,  and  transferred  at  approximately  monthly  intervals. 
Occasionally  these  cultures  acquired  the  ability  to  grow  rapidly  with 
succinate.  Slowly  growing  cells  were  reisolated  using  a penicillin 
technique  modified  from  that  of  Davis  (1949).  Cells  grown  on  glucose- 
aspartate  medium  were  inoculated  into  succinate  broth  and  incubated  for 
four  hours.  At  the  end  of  this  period  200  units  per  ml  of  penicillin 
were  added  and  the  culture  was  incubated  for  an  additional  eighteen 
hours.  A loopful  of  this  culture  was  then  streaked  on  trypticase  soy 
agar  plates.  Those  colonies  appearing  on  trypticase  soy  agar  which 
failed  to  grow  within  24  hrs  when  tested  on  succinate  agar  were  subcul- 
tured and  kept  as  stocks. 

The  organism,  designated  X39»  was  one  of  a group  of  seven  mutants 
produced  by  ultraviolet  irradiation  of  strain  7,  and  isolated  by  the  pen- 
icillin technique  of  Davis  (1948).  All  of  these  mutants  showed  a require- 
ment for  high  concentrations  of  aspartate  when  growing  on  a glucose  mini- 
mal medium  (Herzberg,  1962).  The  optimal  concentration  was  250  ug  per  ml 
(normal  range  for  an  amino  acid  is  10  to  50  ug  [Lamanna  and  Mallette, 

1953]). 

Medj_a.  The  basal  mineral  salts  medium  used  in  this  study  was 
composed  of  K2HPO4,  3-5  g;  KH2PO4,  1.5  g;  (NH4)2S04.  2.6  g;  distilled 
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water,  I liter.  Substrates  were  made  up  as  2 per  cent  solutions  in  water 
and  added  to  give  a final  concentration  of  2 mg  per  ml  unless  otherwise 
stated.  Fumarate,  malate,  and  aspartate  were  made  up  as  2 per  cent  so- 
lutions of  the  free  acids,  and  neutralized  by  the  addition  of  NaOH.  Suc- 
cinate, acetate,  and  citrate  were  made  up  as  2 per  cent  solutions  of  the 
sodium  salts.  The  basal  medium,  at  pH  6.8,  was  sterilized  in  the  auto- 
clave at  121  C and  15  lbs  pressure  for  fifteen  minutes.  One  ml  of  a 
sterile  solution  of  trace  minerals  was  added  aseptically  after  sterili- 
zation. This  solution  was  composed  of  MgS0/^-7H20,  10  g;  MnSo4*7H20,  1 g; 
FeS04’7H20,  0.1  g;  concentrated  HCI,  3 ml;  distilled  water  to  100  ml. 

For  solid  media  a highly  purified  agar  (lonagar  No.  2,  distributed  by 
Consolidated  Laboratories,  Inc.,  Chicago  Heights,  Illinois)  was  added  to 
give  a final  concentration  of  0.85  per  cent.  Aspartate  was  added  to  give 
a final  concentration  of  0.02  per  cent,  and  glucose  to  a final  concentra- 
tion of  0.2  per  cent  when  preparing  glucose-aspartate  mineral  medium. 
Trypticase  Soy  Agar  (Baltimore  Biological  Laboratories)  was  prepared  ac- 
cording to  standard  directions. 

inocula.  Unless  otherwise  stated,  the  cells  for  all  inocula  were 
grown  overnight  In  glucose-aspartate  medium  on  a rotary  shaker  at  37  C, 
and  harvested  by  centrifugation.  They  were  washed  three  times  by  cen- 
trifugation and  resuspension  in  distilled  water,  and  finally  resuspended 
in  distilled  water.  This  suspension  was  used  immediately  as  a source  of 
inoculum.  Density  was  estimated  in  the  Spectronic  "20"  spectrophotometer 
at  425  mu. 

Growt h det e rm i nat i on s . Twenty  milliliters  of  the  appropriate 
medium  was  put  into  250  ml  flasks  bearing  a side  arm  for  the  estimation 
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of  turbidity.  They  were  Inoculated  to  a final  concentration  of  10^  cells 
per  ml  and  incubated  on  a rotary  shaker  at  37  C.  Growth  was  estimated  by 
the  increase  in  turbidity  at  425  mu  in  the  Spectronic  "20"  spectrophotom- 
eter (Bausch  and  Lomb  Optical  Company,  Rochester,  New  York), 

Respirometer  experiments.  Oxygen  uptake  was  measured  according 
to  the  method  described  by  Umbreit,  Burris,  and  Stauffer  (1964),  using 
the  Warburg  respirometer.  The  cells  for  respiration  experiments  were 
grown  ten  hours  in  glucose-aspartate  mineral  medium,  and  harvested  by 
centrifugation.  They  were  washed  three  times  and  resuspended  in  dis- 
tilled water  to  an  optical  density  of  about  60.  This  was  determined  by 
diluting  the  suspension  1/100,  and  measuring  spectrophotometrical ly . One 
ml  of  the  suspension  was  added  to  the  main  compartment  of  a Warburg  vessel 
containing  300  umoles  of  phosphate  buffer,  pH  6.8,  and  water  to  a final 
volume  of  3 nil , with  air  as  the  gas  phase.  Carbon  dioxide  was  absorbed 
in  0.2  ml  of  20  per  cent  KOH  contained  in  the  center  well.  A fifteen- 
minute  period  was  allowed  for  temperature  equilibration,  followed  by  a 
second  fifteen-minute  period  during  which  endogenous  respiration  was 
measured  at  five-minute  intervals.  Unless  otherwise  stated  all  reactions 
were  started  by  tipping  in  substrate  from  the  side  arm. 

Gas  chromatography.  Gas  chromatography  was  used  to  detect  acetic 
acid.  The  acid  was  separated  on  a polyethy 1 eneg lycol  monosterate  column 
at  a temperature  of  79  C with  nitrogen  as  the  gas  phase,  and  utilizing  a 
Loenco  Hydrogen  Flame  Detector  (Lee  Engineering  Company,  Pasadena,  Cali- 
fornia). The  method  is  sensitive  to  0.1  umole  per  ml  of  acetic  acid. 

Thin  film  chromatography.  This  method  was  used  for  the  identi- 
fication of  organic  and  amino  acids.  The  film  material.  Silica  Gel  G and 
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MN-CeI1ulose  powder  300  (average  particle  size,  10  u) , was  obtained  from 
the  Brinkmann  Instrument  Company,  Great  Neck,  New  York.  Slurries  were 
prepared  and  applied  to  glass  plates  as  directed  (Brinkmann  Manual, 

1963). 

The  a-keto  acids,  as  the  2,4  di ni trophenylhydrazone  derivatives, 
were  applied  in  20  ul  volumes  to  Silica  Gel  G plates  and  developed  two 
hours  in  a solvent  system  consisting  of  toluene,  acetic  acid,  water 
(4:3:1,  v/v).  After  drying  the  plates  the  yellow  spots  could  be  Identi- 
fied by  their  Rf  values  without  further  treatment  (Bush  and  Hockaday, 
1963). 

The  2,4  di ni t ropheny 1 hydrazones  were  prepared  according  to  the 
method  of  Grundig  (1961).  A trichloroacetic  acid  extract  of  the  broken 
cells  was  added  to  an  equal  volume  of  a 0.1  per  cent  solution  of  2,4 
dinitrophenylhydrazone  in  2N  HCl.  The  reaction  was  allowed  to  proceed 
for  forty-five  minutes  at  room  temperature.  The  2,4  di ni t ropheny 1 hydra- 
zones  were  extracted  from  the  aqueous  solution  with  ethy lacetate.  The 
solvent  was  evaporated  under  a stream  of  air,  and  the  residue  dissolved 
in  95  per  cent  ethanol.  This  solution  was  used  for  chromatography. 

Fatty  acids  were  applied  to  cellulose  films  and  developed  two 
hours  in  a solvent  system  consisting  of  water-saturated  butanol  and 
formic  acid  (95:5,  v/v).  The  plates  were  dried  to  remove  the  volatile 
formic  acid  and  the  spots  located  with  the  aid  of  a spray  consisting  of 
0.3  per  cent  brom  cresol  green  in  80  per  cent  methanol  to  which  eight 
drops  per  100  ml  of  30  per  cent  NaOH  had  been  added.  Fatty  acids  ap- 
peared as  yellow  spots  on  a blue  background  (Lederer  and  Lederer,  1953). 
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Amino  acids  were  applied  to  Silica  Gel  G plates  and  developed 
two  hours  in  a solvent  system  consisting  of  isopropanol,  acetic  acid, 
water  (3:1:1,  v/v).  Spots  were  located  by  spraying  the  plate  with  0.1 
per  cent  ninhydrin  in  butanol.  The  plate  was  heated  about  ten  minutes 
at  110  C.  Amino  acids  appeared  as  purple  or  rose  colored  spots  on  a 
white  backg  round , 

Preparations  of  cell -free  extracts.  Cells  were  grown  overnight 
in  glucose-aspartate  mineral  medium,  washed  three  times  with  0.3H  phos- 
phate buffer,  pH  6.8,  and  resuspended  in  buffer.  The  cells  were  dis- 
rupted in  the  Hughes  Press  (Hughes,  1951)  or  when  more  suitable,  in  the 
French  Pressure  Cell  (Milner,  Lawrence,  and  French,  1950).  The  result- 
ing extract  was  centrifuged  at  27,000  x g for  30  minutes  to  remove  debris 
and  unbroken  cells,  and  the  clear  supernatant  fluid  was  used  as  a source 
of  enzyme  without  further  purification.  Enzyme  preparations  not  used 
immediately  were  stored  frozen  at  -20  C.  Protein  determinations  of  these 
preparations  were  done  according  to  the  method  of  Lowry  (1951). 

Enzyme  assays.  Succinic  dehydrogenase  was  measured  according  to 
the  method  of  Burnath  and  Singer  (1962).  The  reaction  was  carried  out 
In  a Warburg  flask  containing  150  umoles  phosphate  buffer,  pH  7.6;  0.5 
ml  crude  enzyme;  distilled  water  to  a final  volume  of  3 ml  in  the  main 
compartment.  The  side  arm  contained  1.5  umoles  sodium  succinate;  0.17 
umoles  phenazine  methosul fate;  0.3  umoles  KCN.  The  center  well  contained 
0.2  ml  of  a 20  per  cent  KOH  solution  to  absorb  CO2.  Oxygen  uptake  was 
measured  against  a blank  lacking  substrate. 
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Fumarase  was  assayed  according  to  the  method  of  Racker  (1950). 

The  following  reagents  were  measured  Into  a silica  cuvette:  150  umoles 

of  phosphate  buffer,  pH  1 .k\  150  umoles  of  malate  recrystallized  from 
butanol;  0.01  ml  crude  enzyme;  distilled  water  to  give  a final  volume  of 
3 ml.  The  reaction  was  followed  In  a Spectronlc  "505"  recording  spectro- 
photometer (Bausch  and  Lomb  Optical  Company,  Rochester,  New  York)  at  300 
mu  against  a blank  lacking  substrate. 

Tri phosphopyrridlnenucleoti de-malate  dehydrogenase  was  measured 
according  to  the  method  of  Ochoa,  Mehler,  and  Kornberg  (1948),  except 
that  tri hydroxymethylami nomethane  (Tris)  buffer  was  substituted  for  gly- 
cylglyclne  buffer.  The  reaction  tube  contained  50  umoles  of  Tris  buffer, 
pH  7.4;  1.0  umole  of  MgCl2;  1.0  mg  t rl phosphopy rrl dl nenucl eot I de;  100 
umoles  of  potassium  malate;  0.05  ml  of  crude  enzyme;  distilled  water  to 
a total  volume  of  3 ml . The  increase  in  optical  density  was  measured  in 
a Spectronlc  "505"  recording  spectrophotometer  at  340  mu  against  a blank 
lacking  substrate. 

Glutamic  dehydrogenase  was  assayed  according  to  the  procedure  of 
Olson  and  Anf insen  (1955).  The  following  reagents  were  measured  into  a 
3 ml  silica  cuvette:  0.05  mg  t ri phosphopyrr i dl nenucleot i de;  270  umoles 

phosphate  buffer,  pH  7.5»  66  umoles  sodium  glutamate;  0.02  ml  crude  en- 
zyme; distilled  water  to  a final  volume  of  3 ml . The  increase  in  optical 
density  at  340  mu  was  estimated  in  the  Spectronlc  "505"  recording  spec- 
trophotometer against  a blank  lacking  substrate. 

Oxalacetic  decarboxylase  was  assayed  according  to  the  method  of 
Burton  and  Krebs  (1955).  The  reaction  was  carried  out  in  a Warburg  flask 
containing  330  umoles  acetate  buffer,  pH  5.4;  30  umoles  MnS04;  1 ml  crude 
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enzyme;  distilled  water  to  give  a final  volume  of  3 ml . The  side  arm 
contained  30  umoles  of  oxalacetic  acid,  pH  5.4.  The  evolution  of  CO2  was 
measured  two  and  five  minutes  after  tipping;  the  volume  of  gas  evolved 
during  this  three-minute  interval  was  a measure  of  enzyme  activity.  The 
two  control  flasks  were  one  lacking  enzyme,  the  other  lacking  substrate. 

Isocitritase  was  assayed  according  to  the  method  of  Reeves  and 
A j I (i960).  The  3~ml  reaction  mixture  contained  200  umoles  phosphate 
buffer,  pH  7-0;  15  umoles  MgS04;  10  umoles  pheny I hydrazi ne  hydrochloride; 
0.26  umoles  cysteine  hydrochloride;  O.l  ml  crude  enzyme.  The  reaction 
was  initiated  by  the  addition  of  10  umoles  of  I -i soci trate.  The  Increase 
in  absorption  at  324  mu  was  followed  in  the  Spectronic  "505"  recording 
spectrophotometer  using  a blank  lacking  substrate. 

Aspartase  was  assayed  according  to  the  method  of  Williams  and 
McIntyre  (1955).  A tube  containing  30  umoles  phosphate  buffer,  pH  6.8; 

20  umoles  aspartate;  0.3  ml  crude  enzyme  in  a total  volume  of  I ml,  was 
Incubated  in  a 37  C water  bath  for  twenty  minutes.  One-tenth  volume  of 
25  per  cent  TCA  was  added  and  the  precipitated  protein  removed  by  cen- 
trifugation. The  ammonium  ion  in  the  supernatant  fluid  was  determined 
(Wiliiams  and  Mcintyre,  1955). 

Detection  of  radioactivity.  Radioactivity  in  cell  extracts  and 
CO2  was  detected  with  the  aid  of  a Packard  tricarb  liquid  scintillation 
spectrometer  (Packard  Instrument  Company,  LaGrange,  Illinois). 
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EXPERIHEWAL  RESULTS 


The  experimental  results  have  been  divided  into  four  general 
categories.  The  section  on  growth  studies  describes  the  variations  in 
growth  patterns  between  the  wild  strain  and  the  mutant  under  a variety 
of  conditions,  and  possible  interpretations  of  the  observations.  The 
second  section  is  devoted  to  studies  concerning  the  comparative  oxidative 
capacities  of  the  two  strains,  while  the  third  section  presents  the  re- 
sults of  a survey  of  the  enzymatic  constitution  of  the  two  strains.  The 
fourth  section  comprises  a radioisotope  experiment  designed  to  demon- 
strate a block  in  the  Krebs  cycle  of  the  wild  strain  if  one  existed. 

I.  Growth  Studies 

Survey  of  growth  responses  on  solid  media.  The  initial  experi- 
ment was  a survey  of  the  ability  of  the  mutants  requiring  aspartic  acid 
to  grow  with  various  Krebs  cycle  components  as  carbon  sources.  This  sur- 
vey was  conducted  both  with  and  without  glucose  as  an  additional  carbon 
source.  One  loopful  of  a dilute  cell  suspension  was  streaked  on  agar 
plates  containing  the  various  carbon  sources:  growth  was  assessed  as 

confluent  or  Isolated  colonies  on  the-agar  surface.  The  results  (Table  1) 
showed  that  all  mutants  grew  readily  with  citrate  in  the  absence,  but  not 
In  the  presence,  of  glucose.  The  mutants  were  grouped  into  three  classes 
on  the  basis  of  their  growth  pattern  on  the  other  carbon  sources.  Those 
which  grew  on  succinate,  fumarate,  citrate,  and  malate  in  the  absence  of 
glucose,  and  on  succinate  with  glucose  were  classed  as  Type  1.  Included 
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in  this  group  were  X39,  X40,  and  X4l . PP-1,  which  grew  only  on  citrate 

in  the  absence  of  glucose,  was  Type  II.  In  this  respect  it  was  similar 
to  the  wild  type.  However,  the  wi Id  stral  n was  not  impaired  in  Its  growth 
on  glucose,  and  thus,  grew  on  all  plates  which  contained  this  substrate. 
Type  III  was  mutant  X2  which  grew  on  malate,  fumarate,  and  succinate  in 
the  absence  of  glucose,  but  not  In  its  presence.  None  of  the  organisms 
tested  could  grow  on  aspartate  or  glutamate  alone;  this  has  been  shown 
In  other  organisms  to  be  due  to  Impermeability  of  the  cells  to  these  sub- 
strates (Umbarger,  1961).  The  data  In  Table  1 show  also  that  growth  of 
all  of  the  mutants  on  citrate  was  Inhibited  in  the  presence  of  glucose. 
Gilvarg  and  Davis  (1955)  have  shown  in  Aerobacter  aerogenes  that  this  ef- 
fect is  caused  by  the  repression  by  glucose  of  a permease  specific  for 
citrate.  In  addition  one  mutant,  X2,  also  showed  a repression  by  glucose 
when  growing  on  succinate;  this  suggested  that  glucose  prevented  the  In- 
duction of  a succinate  permease  In  this  organism.  This  led  to  the  specu- 
lation that  the  inability  of  the  wild  strain  to  grow  readily  on  succinate 
might,  similarly,  be  due  to  the  necessity  for  induction  of  a permease, 
which  would  be  constitutive  In  the  mutants  of  Type  I.  The  difference  be- 
tween the  wild  strain  and  the  mutants  of  Type  I in  their  ability  to  grow 
with  succinate  as  the  sole  carbon  source  provided  the  subject  for  the  re- 
mainder of  this  investigation.  To  simplify  the  technical  work  one  mu- 
tant, X39,  was  chosen  for  further  study  since  It  grew  well  In  the 
glucose-aspartate  medium. 

Growth  in  liquid  media.  The  growth  response  pattern  which  was 
seen  on  the  plates  was  confirmed  In  liquid  media  (Table  2).  Starting 
with  an  Inoculum  of  10^  cells,  maximum  turbidity  of  the  wild  strain  was 
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TABLE  2.  EFFECT  OF  INCREASING  CONCENTRATIONS  OF  SUBSTRATES  ON  RATE  OF 
APPEARANCE  OF  GROWTH  OF  WILD  STRAIN  AND  MUTANT  WITH 
VARIOUS  CARBON  SOURCES 


0.  D. 

at  425  mu 

Substrate 

tjKj/ml 

18 

hours 

70  hours 

loo  hours 

Mutant 

Wi  Id 
Strai n 

Mutant 

Wild 

Strain 

Mutant 

Wi  Id 
Strain 

Cl trate 

0.2 

0.21 

0.15 

0.21 

0.14 

0.20 

0.4 

0.36 

0.27 

0.37 

0.25 

0.37 

0.6 
1 .0 

0.54 

- 

0.49 

- 

0.49 

m 

0.36 

0.39 

0.62 

0.60 

0.62 

- 

Fumarate 

0.2 

0.92 

0.02 

0.40 

0.28 

0.28 

0.4 

0.94 

0.00 

0.55 

0.54 

0.54 

0.6 

0.79 

0.03 

0.75 

0.14 

0.77 

1 .0 

1.10 

1.10 

- 

- 

Halate 

0.2 

0.15 

0.02 

0.25 

0.15 

0.4 

0.31 

0.02 

0.45 

0.30 

0.6 

0.41 

0.01 

0.60 

0.48 

m 

1 .0 

0.56 

0.02 

0.77 

0.65 

- 

- 

Succinate 

0.2 

0.15 

0.00 

0.4 

0.28 

0.00 

0.6 

0.44 

0.00 

1.0 

0.65 

0.01 

- 

0.00 

- 

0.13 

- 

0.00 

- 

0.04 

- 

0.00 

- 

0.48 

- 

0.01 

- 

0.66 

Acetate 


0.4 

0.00 

0.02 

0.8 

0.00 

0.02 

1 .2 

0.00 

0.00 

2.0 

0.00 

0.00 

- 

0.01 

0.00 

0.00 

- 

0.02 

0.00 

0.00 

- 

0.01 

0.00 

0.00 

• 

0.05 

0.06 

0.23* 

*0.  D.  was  0.65  at  103  hours. 


s no  measurement  taken. 
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reached  earliest  In  the  citrate  medium  at  about  twenty-one  hours  incuba- 
tion. Growth  in  malate  was  complete  at  about  forty-six  hours  incubation. 
The  cells  inoculated  into  fumarate  required  seventy  to  eighty  hours  in- 
cubation to  reach  full  growth,  but  growth  in  succinate  was  not  completed 
until  well  after  eighty  hours  incubation.  The  mutant,  however,  showed  a 
more  rapid  growth  rate  on  all  substrates.  Substantial  growth  on  succi- 
nate, malate,  fumarate,  and  citrate  was  apparent  within  fourteen  hours, 
and  all  cultures  had  reached  maximum  turbidity  by  eighteen  hours.  The 
final  optical  densities  of  the  mutant  and  the  wild  strain  growing  on  any 
one  substrate  did  not  differ  to  any  appreciable  degree,  suggesting  that 
both  were  eventually  able  to  utilize  the  substrates  (see  Table  2). 

Effect  2f.  growth  medi urn  of  i noculum.  The  fai lure  of  the  wi Id 
type  to  grow  readily  with  succinate  as  the  sole  carbon  source  might  have 
been  due  to  the  lack  of  an  essential  precursor  or  to  the  accumulation  of 
an  internal  inhibitor  during  growth  of  the  inoculum  in  glucose-aspartate 
minimal  broth.  A different  growth  medium  might  promote  the  formation  of 
such  a precursor  or  prevent  the  accumulation  of  an  inhibitor.  Three  dif- 
ferent media  were  tried  to  determine  whether  any  effect  could  be  de- 
tected. Since  glucose  repression  had  been  observed  in  an  earlier  experi- 
ment, the  possibility  that  deletion  of  this  substrate  might  perhaps  pre- 
vent the  formation  of  a repressor  was  explored.  Therefore,  a complex 
medium  with  and  without  the  addition  of  glucose,  and  a synthetic  medium 
containing  citrate  as  the  carbon  source  were  used.  The  synthetic 
glucose-aspartate  medium  was  also  included  as  a control. 

Cells  which  had  been  grown  on  citrate  did  appear  to  respond  to 
succinate  at  a rate  slightly  faster  than  that  of  the  glucose-aspartate 
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grown  cells  (Table  3).  The  rate  of  growth,  however,  was  still  far  below 
that  of  the  mutant.  The  other  growth  media  did  not  appear  to  effect  the 
growth  rate  on  succinate.  Since  the  effect  was  not  striking  it  was  con- 
cluded that  the  Inoculum  growth  medium  did  not  contribute  significantly 
to  the  formation  of  internal  cofactors  or  inhibitors. 

l.f f e<r?  of  s i ze  of_  i nocu I um.  It  had  been  observed  in  the  wl  Id 
strain  that  Inocula  of  the  order  of  10^  to  5 x 10^  organisms  per  mi  1 1 i - 
liter  resulted  in  a very  much  shortened  lag  on  succinate.  This  phenome- 
non suggested  that  (I)  critical  levels  of  some  essential  growth  factor 
were  being  inoculated  together  with  the  cells  or  (2)  mutation  to  succi- 
nate utilization  was  occurring,  and  mutants  were  present  in  the  large 
inocula.  This  experiment  was  designed  to  provide  evidence  for  or  against 
the  first  hyp>othesis.  The  growth  flasks  were  inoculated  so  that  they 
initially  contained  10^,  lo7,  lo^,  and  5 x lO^  cells  per  ml  of  succinate 
minimal  medium.  The  results  (Table  4)  showed  that  the  length  of  the  lag 
period  was  dependent  upon  the  size  of  the  inoculum.  If  this  phenomenon 
were  due  to  the  addition  of  some  essential  growth  factor  it  should  have 
been  depleted  after  several  division  cycles.  Therefore,  the  cells  from 

o 

the  5 X 10  inoculum  were  harvested,  resuspended  in  saline  and  reinocu- 
lated into  succinate  medium  at  two  levels  of  concentration,  I06  and  about 
5 X 10  cells  per  ml.  These  cells  presumably  having  depleted  the  possi- 
ble growth  factor  accumulated  during  growth  on  glucose  should  display  the 
prolonged  lag.  The  results  showed  a shortened  lag  in  both  cases  (Table 
4),  and  serial  transfers  reduced  it  to  the  same  level  as  the  succinate 


posit i ve  mutant. 
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TABLE  3.  THE  EFFECT  OF  GROWTH  MEDIUM  OF  INOCULUM  ON  RESPONSE  OF  WILD 
STRAIN  AND  MUTAMT  TO  SUCCINATE  AS  SOLE  CARBON  SOURCE 


Growth 
Medium 
of  Inoculum 

Strai n 

0. 

0.  at  425 

mu  in  0.05%  Succinate 

0 Hrs 

13  Hrs 

24  Hrs 

48  Hrs 

72  Hrs 

Mutant 

0.05 

0.19 

0.34 

0.34 

0.34 

0.2%  trypt lease 

Wild  St ral n 

0.03 

0.04 

0.04 

0.18 

0.24 

0.2%  trypt lease 

Mutant 

0.03 

0.37 

0.35 

0.34 

0.34 

f 0.2%  glucose 

Wl Id  strai n 

0.04 

0.05 

0.05 

0.06 

0.32 

0.2%  glucose  f 

Mutant 

0.03 

0.31 

0.32 

0.30 

0.30 

0.2%  aspartate 

Wi Id  strai n 

0.03 

0.05 

0.05 

0.05 

0.35 

0. 

D.  at  425 

mu  in  0.2%  Succinate 

Q Hr? 

9 Hrs 

24  Hrs 

48  Hrs 

84  Hrs 

Mutant 

0.115 

0.81 

0.81 

0.75 

0.2%  citrate 

Wild  strai n 

0.19 

0.30 

0.45 

0.50 

0.85 

0.2%  glucose  / 

Mutant 

0.125 

0.64 

0.85 

* 

0.02%  aspartate 

Wl Id  strain 

0.20 

0.18 

0.25 

0.29 

0.85 

" ® no  measurement  made. 
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TABLE  4.  THE  EFFECT  OF  INOCULUM  SIZE  ON  GROWTH  OF  THE  WILD  STRAIN 


IN  LIQUID 

MEDIUM  WITH 

SUCCINATE  AS  SOLE  CARBON  SOURCE 

1 nocul urn 

0.  0.  at  425  mu 

Culture 

Si  ze 

Hours  of  Incubation 

Number 

Cel  1 s/ml 

0 10 

23  33  48  55  60 

80 

90 

1 

2 

3 

4 

10^ 

107 

108 
5 X 10^ 

0.01  0.01 
0.01  0.01 
0.07  0.05 
0.33  0.39 

0.01  0.01  0.01  0.01  0.03 

0.02  0.02  0.03  0.26  1.00 

0.05  0.12  1.00 

0.61  1.10 

0.17 

1.20 

Subcultured  from  Culture  Number  4 Above 
Hours  of  Incubation 

i_ 

15  18  20  25  28 

JiL- 

5 

6 

1.7  X lo8 

6.1  X I08 

0.02  0.00 
0.38  0.63 

0.03  0.10  0.17  0.39  0.63 
1.10 

0.90 

Subcultured  from  Culture  Number  6 Above 
Hours  of  Incubation 

P 2 

i_  8 9.5  11  22 

7 

8 

4.7  X 108 
4.7  X 108 

0.01  0.01 
0.31  0.44 

0.03  0.10  0.23  0.43  0.95 
1.10 

9 

10 


Subcultured  from  Culture  Number  7 Above* 

Hours  of  Incubation 

0 - 2 5 7.5  10  12.5  H.5  22 


0.00  0.00  0.00  0.01  0.04  0.15  0.23  0.91 

0.12  0.10  0.31  0.82  1.00 


*Cells  were  first  washed  and  incubated  in  gl ucose^aspartate  min- 
eral medium  for  10  hours.  They  were  then  washed  and  inoculated  into 
succinate  broth. 
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The  more  rapid  growth  of  large  inocula  might  have  been  due  to  the 
presence  of  a critical  level  of  some  precursor.  If  that  were  the  case 
the  larger  inocula  should  have  grown  to  a given  turbidity  much  more  rap- 
idly than  the  smaller.  Each  tenfold  dilution  of  the  inoculum  represents 
about  three  generations;  therefore,  the  time  required  to  reach  a given 
turbidity  should  be  increased  by  three  generation  times  for  each  dilu- 
tion, assuming  nothing  is  added  with  the  inoculum.  The  generation  time 
on  succinate  calculated  from  the  logarithmic  part  of  the  growth  curves 
of  Table  2 is  2.75  hrs.  Therefore,  it  should  take  the  10^  inoculum  8.25 
hrs  longer  than  the  10^  Inoculum  to  reach  an  0.  D.  of  about  0.17.  As 
calculated  from  the  table  the  time  required  was  actually  about  twenty 
hours.  Similarly  the  107  Inoculum  required  about  twenty-seven  hours 
longer  than  the  10^  inoculum  to  reach  a similar  density.  This  is  equal 
to  about  7.3  generations  in  the  first  case  and  to  about  9.5  in  the  sec- 
ond. This  experiment,  therefore,  did  not  rule  out  the  theory  that  an 
essential  metabolite  was  being  inoculated  with  the  cells,  but  it  provided 
no  evidence  that  such  a pool  could  be  exhausted. 

iflgcj  of  lerijl  jji  lLgui_d  medium.  Several  experiments 

were  done  in  an  effort  to  determine  the  nature  of  the  eventual  adaptation 
of  the  wild  strain  to  succinate  utilization.  Two  possibilities  were  con- 
sidered: the  cells  which  grew  out  on  succinate  represented  either  a mu- 

tation to  the  ability  to  utilize  succinate  rapidly  or  a physiological 
adaptation  resulting  from  formation  of  an  inducible  enzyme  or  critical 
levels  of  an  essential  precursor. 

The  experiments  to  test  the  hypothesis  were  designed  on  the  prem- 
ise that  if  growth  represented  a mutation  the  large  inocula  would 
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probably  contain  a mutant  while  the  probability  of  Including  a mutant  in 
a very  small  inoculum  would  be  low.  Serial  transfers  of  the  wild  strain 
were  made  in  succinate  broth  or  high  and  low  Inoculum  levels.  Rapid 
growth  should  occur  in  flasks  with  large  inocula,  but  no  growth  should 
appear  in  those  with  small  inocula.  As  a control  these  same  inocula  were 
also  plated  on  succinate  agar  and  on  trypticase  soy  agar,  and  the  plates 
observed  for  colony  formation. 

The  cells  which  were  inoculated  at  high  levels  grew  considerably 
faster  than  those  with  small  inocula  (Figure  1).  Subsequent  transfers 
from  flasks  containing  the  large  inocula  did  not  substantially  alter  the 
growth  time  in  liquid,  but  a difference  was  noted  on  solid  media.  Growth 
on  plates,  after  the  second  transfer,  was  visible  in  only  twenty-four 
hours.  A second  transfer  from  flasks  with  small  Inocula  did  show  a sub- 
stantial reduction  in  time  required  to  reach  visible  turbidity.  The  pos- 
sibility of  a physiological  adaptation  was  not  ruled  out  by  this  experi- 
ment. Serial  transfers  on  the  same  medium  would  tend  to  reinforce  such 
an  adaptation. 

Growth  pattern  at  high  di 1 ut i on . I f adaptation  of  the  wi  Id 
strain  to  succinate  utilization  were  the  result  of  mutation  then  exten- 
sive dilution  should  reduce  the  probability  of  a mutant  being  present  in 
a small  sample.  In  this  experiment  a series  of  76  tubes  were  inoculated 
with  about  lo3  cells  each,  contained  in  five  ml.  Presumably  none  of 
these  tubes  would  contain  a mutant.  If,  however,  any  did  they  would  be 
expected  to  become  turbid  while  the  rest  would  remain  clear.  The  tubes 
were  incubated  in  stationary  racks  at  37  C which  resulted  in  less  oxygen 
being  available  than  in  shaken  cultures.  All  of  the  tubes  eventually 


Washed  CelJ  Suspension 
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became  turbid  (Table  5).  This  seemed  at  first  to  indicate  that  not  a 
mutation,  but  a physiological  adaptation  had  occurred.  However,  as  was 
shown  previously  by  Engel sberg  and  Stanier  ^-949)  in  pseudomonas,  it  was 
also  possible  that  sufficient  background  growth  had  occurred  on  impuri- 
ties in  the  medium  to  permit  a mutation  to  occur,  and  that  this  mutant 
was  responsible  for  the  observed  growth.  The  possibility  of  an  extremely 
high  mutation  rate,  of  the  order  of  one  in  10^  cells,  was  not  ruled  out. 

Effect  of  selection  of  colonies  from  sol i d med i a . An  experiment 
in  which  colonies  were  cultivated  on  solid  medium  was  designed  to  give 
more  definitive  evidence  for  or  against  a mutation  of  the  wild  strain  to 
succinate  utiiization.  In  this  experiment  a washed  cell  suspension  was 
plated  at  high  dilution  on  succinate  agar.  When  colonies  appeared  ten 
were  picked  and  transferred  to  trypticase  soy  agar  plates.  A second 
passage  on  trypticase  soy  agar  was  made  and  then  one  colony  from  each 
plate  was  picked  and  transferred  to  succinate  agar.  On  these  plates 
isolated  colonies  appeared  after  72  hrs.  Several  of  these  were  again 
picked  and  streaked  on  trypticase  soy  agar  plates.  When  growth  appeared 
another  transfer  to  succinate  was  made,  and  isolated  colonies  again 
failed  to  appear  before  72  hrs.  This  experiment  showed  that  no  fast- 
growing colony  appeared  on  succinate  agar,  and  the  results  suggest  that 
adaptation  to  succinate  utilization  is,  at  least  for  the  colonies  se- 
lected, a physiological  adaptation  which  can  be  lost  when  the  cells  are 
transferred  to  a medium  which  does  not  contain  succinate  as  a carbon 
source. 

To  determine  whether  a small  number  of  rapidly  growing  organisms 
could  be  detected  in  a large  population  of  slow-growing  cells  a mixture 
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TABLE  5.  SIMPLIFIED  FLUaUATION  TEST  SHOWING  THE  EFFEa  OF  SMALL 
INOCULA*  OF  THE  WILD  TYPE  ON  ADAPTATION  TO 
SUCCINATE  UTILIZATION 


Davs  Incubation 

Number  of  Tubes 
Becoming  Turbid 

Cumulative  Total  to 
Turbi d T ubes 

k 

6 

6 

6 

15 

21 

7 

14 

35 

8 

20 

55 

II 

21 

76 

♦Inoculum  size  was  10^  organisms  per  tube. 

Note:  A total  of  76  tubes  were  inoculated;  each  containing  5 ml 

of  succinate  medium. 
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of  large  numbers  of  the  slow  and  small  numbers  of  the  fast  strains  was 
plated  on  succinate  agar.  Several  ratios  were  plated  to  see  if  the  pres- 
ence of  a sufficient  number  of  fast-growing  cells  could  stimulate  the 
growth  of  the  slow  strain.  Small  numbers  of  fast-growing  cells  were 
readily  detected  in  a large  population  of  slow-growing  organisms,  and,  in 
the  mixtures  used,  they  do  not  influence  the  rate  of  growth  of  the  slow 
strain  (Table  6).  After  sixty-six  hours  many  small  colonies  of  the  slow- 
growing  strain  did  appear  on  the  plates.  The  experiment  also  showed  that 
there  were  no,  or  very  few,  fast-growing  cells  in  a population  as  large 
as  10^  slow-growing  organisms. 

The  effect  of  i nterveni ng  t ransfer  of  nonsucci nate  liquid  medi  urn 
on  response  to  succinate.  The  previous  experiments  seemed  to  provide 
equivocal  results:  the  selection  of  colonies  from  solid  media  suggested 

that  only  a physiological  adaptation,  which  was  lost  during  cultivation 
on  a medium  lacking  succinate,  had  occurred  while  the  modified  fluctuation 
test  suggested  a mutation,  but  did  not  rule  out  a physiological  adaptation. 
Another  experiment  was  designed  to  determine  which  of  these  interpreta- 
tions was  correct.  The  inoculum  was  grown  In  glucose-aspartate  minimal 
broth  and  distributed  in  10  flasks  containing  20  ml  of  succinate  minimal 
medium,  at  a concentration  of  10^  cells  per  flask.  These  were  permitted 
to  grow  to  maximal  optical  density,  which  was  limited  by  the  concentra- 
tion of  succinate.  They  were  then  harvested,  washed  once,  diluted  to  10^ 
cells  per  ml,  and  one  ml  inoculated  into  glucose-aspartate  minimal  broth. 
The  cells  were  harvested  after  about  36  hrs,  washed  once,  and  diluted  to 
103  cells  per  ml.  One  ml  of  this  suspension  was  inoculated  into  succi- 
nate minimal  broth  and  the  time  required  to  reach  maximal  turbidity 
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TABLE  6.  EFFECT  OF  A LARGE  POPULATION  OF  SLOW-GROWING  CELLS  ON 
THE  COLONY  FORMING  ABILITY  OF  A SMALL  NUMBER  OF 
FAST -GROWING  ORGANISMS 


Ratio  of  number  of 
fast-growing  cells 
to  slow-growing 
cells  X 100 

Number  of  fast- 
qrowi nq  cel  1 s: 
slow -growl ng 
cel  1 s 

Number  of  colonies 
formed  In  42  hours 

1/170 

140/2.4  X 10^ 

168 

1/17 

140/2.4  X 105 

138 

1/1.7 

140/2.4  X 10^ 

142 

1/0.17 

140/2.4  X 10^ 

155 

1/0 

140/0 

140 

0/2400 

0/2.4  X 10^ 

None 

30 


recorded.  As  shown  in  Table  7 all  of  the  cultures  had  completed  growth 
i n 24  to  36  hrs.  Growth  was  again  limited  by  succinate  concentration. 

A mutant  control  reached  maximum  optical  density  in  33  hrs,  while  an  un- 
adapted wild  strain  control  required  a minimum  of  120  hrs.  Thus  it  ap- 
peared that  growth  on  succinate  was  a mutation  which  was  not  lost  even 
when  the  cells  were  transferred  to  a medium  lacking  succinate. 

To  insure  that  the  population  growing  in  the  glucose-aspartate 
medium  was  actually  composed  of  mutants,  the  cells  from  the  succinate 
were  harvested,  washed  once,  diluted  and  plated  on  succinate  and  on 
glucose-aspartate  agar  plates.  One  colony  from  each  of  triplicate 
glucose-aspartate  plates  was  picked,  suspended  in  water,  and  diluted  to 
10  cells  per  ml.  One  ml  of  this  suspension  was  transferred  to  succinate 
minimal  broth  as  before.  In  this  case  also,  cultures  reached  maximum 
turbidity  in  24  to  36  hrs  (Table  8).  It  was,  therefore,  concluded  that 
the  cells  finally  growing  in  succinate  minimal  broth  were  actually  mu- 
tants which  had  acquired  the  ability  to  utilize  succinate  rapidly. 

Growth  yield  constants.  In  a mineral  broth  the  total  yield  of 
bacteria  per  unit  of  substrate  tends  to  be  constant  for  a given  species 
(Novlck,  1953)*  The  size  of  this  total  yield  will  be  a measure  of  the 
efficiency  of  the  cell  on  a given  carbon  source.  This,  in  turn,  should 
give  an  indication  of  the  noetabolic  pathway  in  the  cell,  since  it  is  un*» 
likely  that  two  different  pathways  will  operate  with  the  same  efficiency 
to  give  the  same  total  yield.  This  aspect  was  examined  in  the  hope  that 
it  would  provide  a clue  to  the  failure  of  the  wild  type  to  grow  on  succi- 
nate. Growth  yield  constants,  expressed  as  optical  density  units  per  mg 
of  substrate,  were  determined  on  succinate,  fumarate,  malate,  and  citrate 
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TABLE  7.  EFFECT  OF  AN  INTERVENING  PERIOD  OF  GROWTH  IN  NONSUCCINATE 
LIQ.UIO  MEDIUM  ON  RATE  OF  GROWTH  OF  THE  WILD  STRAIN  DURING 
SERIAL  TRANSFER  IN  SUCCINATE  MEDIUM 


Flask  number 

r ..m  ■■■  ■ —aMcasagre—a— 

Hours  to  reach  maximum  turbidity 

Experimental* 

Cont  ro 1 s* 

1st 

transfer 

2nd 

transfer 

Wi  Id 
strai n 

Mutant 

1 

150 

30 

120 

33 

2 

190 

30 

126 

33 

3 

80 

36 

33 

4 

175 

36 

5 

120 

36 

6 

102 

24 

7 

150 

30 

8 

152 

30 

9 

167 

24 

10 

106 

28 

*1 noculum 

si ze  was  1000 

cel  Is  per  flask. 
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TABLE  8.  EFFECT  OF  AN  IKTERVENING  PERIOD  OF  GROWTH  ON  A NONSUCCINATE 
SOLID  MEDIUM  ON  THE  RATE  OF  GROWTH  OF  THE  WILD  STRAIN 
DURING  SERIAL  TRANSFERS  IN  SUCCINATE  MEDIUM 


Hours  to  reach 

maximum  turbidity 

1st 

2nd 

Number  of 

colonies^ 

Flask  number 

transfer 

transfer 

G 1 u-asp3 

Sued  nate 

1 

120 

36 

96 

94 

2 

126 

36 

zko 

231 

Glu-asp  - Glucose-aspartate  agar. 

^A  total  of  five  colonies  picked  from  glucose-aspartate  plates 
and  inoculated  into  succinate  minimal  broth. 

^o  prepare  plates  the  cells  were  harvested  from  the  1st  succi- 
nate transfer  and  diluted  to  a concentration  of  about  103  cells/ml. 
One-tenth  ml  of  the  dilution  was  then  spread  on  the  surface  of  the  agar 
plates. 


33 


basal  media.  Flasks  were  inoculated  with  4 x 10^  cells  and  incubated 
until  no  further  change  in  optical  density  could  be  detected. 

The  organisms  showed  no  differences  in  total  yields  with  any  of 
the  Krebs  cycle  intermediates,  but  the  time  required  to  attain  these 
yields  varied  considerably  (Table  9).  This  result  suggested  that  there 
was  no  radical  difference  in  the  pathways  for  the  utilization  of  these 
substrates.  The  difference  was  in  rate  only,  and  this  may  represent  the 
time  required  for  enzyme  induction,  or  for  the  accumulation  of  some  es- 
sential intermediate  in  the  wild  type  which  can  be  made  at  a rapid  rate 
by  the  mutant.  This  implies  a rate-limiting  reaction  step. 

The  effect  of  i ncreasi nq  concent  rat i ons  of  succi nate.  As  sug- 
gested earlier  the  slow  growth  of  the  wild  type  in  the  succinate  medium 
could  be  a’result  of  a deficiency  in  a permease.  Entry  of  the  substrate 
would  then  depend  solely  upon  diffusion.  Therefore,  if  a high  concen- 
tration of  succinate  were  used  the  rate  of  penetration  by  diffusion 
should  be  increased,  the  increase  being  dependent  upon  concentration. 

If  no  internal  metabolic  block  were  involved  growth  should  proceed  more 
rapidly,  and  a concentration  level  should  be  obtained  which  would  permit 
a growth  rate  comparable  to  that  of  the  mutant.  When  levels  greater 
than  5 per  cent  succinate  were  used  almost  complete  inhibition  of  growth 
occurred  in  the  mutant,  and  even  at  5 per  cent  a strong  inhibitory  ef- 
fect was  noted  (Table  10).  At  3 per  cent  and  4 per  cent  succinate  a 
slight  stimulation  of  growth  of  the  wild  strain  did  occur,  but  in  no 
case  did  the  rate  of  appearance  of  the  wild  strain  reach  a level  equal 
to  that  of  the  mutant.  The  wild  strain  was  not  totally  Impermeable,  but 
may  have  been  only  slowly  permeable.  One  ought  to  see.  In  this  case,  if 
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TABLE  9.  GROVTH  YIELD  CONSTANTS*  OF  WILD  STRAIN  AND  MUTANT  GROWING 

ON  A VARIETY  OF  SUBSTRATES 


Substrate 

0.  D.425>nu/n>g  of  substrate 
Mutant  Wi Id  strai n 

Succi nate 

1 .50 

1 .50 

Ci trate 

1.30 

1 .20 

Hal  ate 

I.IO 

0.80 

Fumarate 

0.90 

1.20 

★Growth  yield  constant  is  defined  as  the  increase  in  optical 
density  of  the  culture  at  425  nui  with  each  increase  in  mg  of  substrate. 
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TABLE  10.  EFFECT  OF  INCREASING  CONCENTRATIONS  OF  SUCCINATE  ON  THE 
RATE  OF  APPEARANCE  OF  GROWTH  OF  WILD  STRAIN  AND  MUTANT 


aBBOBKanBEaBSX 

% Succinate 
(w/v) 

Mutant 

Wi Id  Strai n 

Maxi  mum 
0.  D. 

Hours  to  reach 
maximum  0.  0. 

Maxi  mum 
0.  D. 

Hours  to  reach 
maximum  0.  D. 

0.2 

0.55 

24 

0.52 

72 

1.0 

1.5 

24 

1.52 

72 

2.0 

2.0 

24 

1 .90 

72 

3.0 

2.0 

36 

2.0 

60 

4.0 

1.9 

36 

1.5 

48 

5.0 

0.68 

60 

2.00 

72 

6.0 

0.20 

72 

0.05 

72 

10.0 

0.04 

72 

0.07 

72 

Optical  density  measured  at  425  mu. 
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there  were  no  other  complicating  factors,  a slower  but  detectable  rate 
of  appearance  of  growth  before  eight  hours  when  high  concentrations  of 
succinate  were  used.  This  did  not  occur;  as  is  seen  from  Table  10  there 
is  a long  lag  followed  by  rapid  growth.  On  the  basis  of  these  results 
permeability  was  considered  not  to  be  the  only  factor  in  the  failure  of 
the  wild  strain  to  grow  rapidly  on  succinate,  although  it  may  be  a con- 
tributing cause. 

Effect  of  combinations  of  carbon  sources.  This  series  of  ex- 
periments was  designed  to  determine  whether  it  was  possible  to  enhance 
growth  of  the  wild  strain  by  the  addition  of  a secondary  carbon  source. 

It  was  hoped  that  some  compound  might  be  found  which  would  act  as  a 
growth  stimulant,  perhaps  by  supplying  some  necessary  metabolite  which 
the  cell  was  unable  to  synthesize  or  could  synthesize  only  slowly.  Thus, 
it  would  provide  an  indication  of  the  nature  of  the  metabolic  block. 

Amino  acids  were  chosen  simply  to  determine  if  any  effect  could  be  ob- 
served. Wild  strain  cells  were  streaked  on  plates  containing  two  milli- 
grams of  the  test  substances  per  ml  of  basal  medium  plus  2 mg  of  succi- 
nate per  ml.  Plates  were  incubated  at  37  C.  Growth  of  the  wild  strain 
appeared  in  2k  hrs  on  plates  supplemented  with  acetate  or  alanine,  and 
traces  of  growth  appeared  on  those  containing  cysteine,  lysine,  or  hysti- 
dine.  No  other  compound  promoted  growth,  and  no  growth  appeared  on  the 
succinate  control  plates  until  after  60  hrs  incubation.  Because  of  its 
widespread  role  in  metabolism  and  its  prominent  enhancement  of  growth  in 
this  experiment,  it  seemed  reasonable  to  suppose  that  the  active  compound 
was  acetate,  and  that  alanine  was  in  reality  supplyit  it  through  a 
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transamination  and  decarboxylation.  Therefore,  a more  definitive  ex- 
periment was  designed  to  test  the  effect  of  acetate  in  liquid  medium. 

Effect  of  acetate  i n liquid  culture.  A series  of  flasks  con- 
taining increasing  concentrations  of  acetate  in  combination  with  0.2  per 
cent  succinate  was  prepared.  If  acetate  were  actually  required  for 
growth,  rather  than  acting  as  a sparker  or  cofactor,  then  growth  should 
show  a concentration  dependence. 

A definite  correlation  of  increase  in  optical  density  with  in- 
crease in  concentration  of  acetate  was  observed  (Table  11).  At  the  lower 
levels  the  culture  required  longer  to  reach  maximum  turbidity,  but  in 
every  case  the  combination  of  acetate  plus  succinate  gave  a higher  total 
yield  than  either  substrate  alone.  This  result  suggested  that  a subop- 
timal  internal  concentration  of  acetate  might  be  the  growth-limiting 
factor  when  succinate  was  the  sole  carbon  source. 

Response  to  addi t ion  of  other  compounds  to  liquid  medi urn.  I f 
failure  to  grow  rapidly  on  succinate  was  due  to  a block  in  the  Krebs 
cycle  or  ancillary  reactions  it  might  be  possible  to  stimulate  growth 
by  supplying  the  product  of  the  blocked  enzyme  if  it  is  permeable. 
Therefore,  the  effect  of  adding  Krebs  cycle  intermediates  or  related 
compounds  was  investigated.  Cells  for  the  inoculum  were  harvested  and 
washed  as  described  in  Materials  and  Methods.  They  were  resuspended  in 
a small  volume  of  distilled  water  and  0.05  ml  used  to  inoculate  the 
growth  flasks  giving  an  initial  concentration  of  about  5 x 10^  to  1.2  x 
107  cells  per  ml . 

Of  the  compounds  tried  only  glycine  and  pyruvate  igave  any  ap- 
preciable stimulation,  although  a slight  effect  was  noted  with  citrate  and 
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TABLE  n.  EFFECT  OF  INCREASING  CO NC Em" RAT  10 NS  OF  ACETATE  ON  GROV/TH 
RATE  OF  THE  WILD  STRAIN  WITH  SUCCINATE  AS  PRINCIPLE 

CARBON  SOURCE 


Acetate 

mq/mt 

Sued  nate 
mq/ml 

0.  D.  at  425 

mu  0.  0. 

at  425  mu 

9 hrs 

19  hrs 

29  hrs 

46  hrs 

- 

2.0 

0.03 

0.04 

0.10 

0.20 

2.0 

- 

0.06 

0.14 

0.23 

0.29 

0.1 

2.0 

0.01 

0.04 

0.21 

0.74 

0.2 

2.0 

0.09 

0.63 

0.77 

- 

0.0.6 

2.0 

0.47 

0.83 

0.90 

- 

0.8 

2.0 

0.80 

0.93 

0.95 

m 

1.1.0 

2,0 

0.80 

0.90 

1.00 

- 

* no  measurement  taken. 
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glyoxylate  (Table  12).  The  cultures  growing  In  pyruvate  alone  became 
turbid  after  twenty-four  hours,  but  those  cultures  growing  In  the 
succinate-pyruvate  mixture  reached  a greater  optical  density  indicating 
that  both  substrates  were  utilized.  These  results  supported  the  sugges- 
tion that  the  active  compound  was  acetate  arising  from  glycine  by  deani- 
mation and  from  pyruvate  by  decarboxylation. 

Effect  of  addition  of  glutamate.  The  stimulatory  effect  of  ace- 
tate or  acetate  precursors  suggested  another  explanation  in  addition  to, 
or  associated  with,  the  depleted  acetate  pools.  Failure  to  grow  on  suc- 
cinate might  also  be  due  to  accumulation  of  some  Internal  inhibitor  which 
was  removed  or  blocked  by  acetate.  The  most  obvious  possibility  was 
oxalacetic  acid,  which  has  been  reported  to  competively  inhibit  succinic 
dehydrogenase  in  mitochondria  (Pardee  and  Potter,  19^).  If  oxalacetate 
were  accumulating,  glutamate  would  also  be  expected  to  remove  it  by  a 
transamination  giving  rise  to  aspartate  from  oxalacetate  and  to 
a -ketoglutarate  from  glutamate. 

Growth  in  the  succinate-glutamate  combination  did  show  a depend- 
ence on  concentration  of  glutamate  (Table  13).  The  optical  density  in- 
crease, however,  was  delayed  due,  presumably,  to  the  slow  permeation  of 
glutamate.  Cultures  incubated  in  the  succinate-glutamate  mixture  showed 
a final  total  yield  which  far  exceeded  that  of  either  substrate  alone. 
When  the  cell -free  culture  fluid  was  chromatographed  on  thin  film  no 
glutamate  spot  could  be  detected  indicating  that  it  had  been  utilized  by 
the  cells.  Addition  of  oxalacetate  to  the  basal  medium  containing 
glutamate  or  acetate  in  addition  to  succinate  did  not  produce  the  ex- 
pected Inhibition  of  growth,  but  rather  a stiitKilation.  This  effect  was 
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TABLE  12.  EFFEa  OF  ADDED  KREBS  CYCLE  COMPOUNDS  ON  GROV/TH  OF 
WILD  STRAIN  WITH  SUCCINATE  AS  PRINCIPLE  CARBON  SOURCE* 


Add i t ] ve 

Succinate 

mq/ml 

0.  C 

425  mu 

Comoound 

mq/ml 

0 hrs 

5 hrs 

1 1 hrs 

26  hrs 

46  hrs 

60  hrs 

Aspartate 

2.0 

.04 

.04 

.04 

.05 

.07 

.08 

0.2 

2.0 

.04 

.04 

.03 

.05 

.05 

.09 

0.8 

2.0 

.02 

.02 

.02 

.02 

1.0 

m 

Citrate 

2.0 

• 

.02 

.02 

.03 

.07 

.37 

.60 

0.2 

2.0 

.02 

.02 

.28 

.75 

.72 

- 

0.8 

2.0 

.03 

.04 

.25 

.85 

.80 

- 

Fumarate 

2.0 

» 

.05 

.03 

.03 

.05 

.06 

.07 

0.2 

2.0 

.02 

.01 

.01 

.01 

.02 

.02 

0.8 

2.0 

.04 

.04 

.03 

.04 

.07 

.07 

Glycine 

2.0 

• 

.04 

.03 

.03 

.03 

.04 

.04 

0.2 

2.0 

.03 

.02 

.02 

.10 

.31 

.77 

0.8 

2.0 

.03 

.03 

.06 

.36 

.80 

m 

Glyoxy late 

2.0 

- 

.05 

.05 

.06 

.05 

.05 

.05 

0.2 

2.0 

.05 

.06 

.05 

.07 

.13 

.14 

0.8 

2.0 

.12 

.04 

- 

.04 

.06 

.15 

Malate 

2.0 

- 

.04 

.03 

.03 

.03 

.18 

.70 

0.2 

2.0 

.03 

.02 

.02 

.02 

.03 

.02 

0.8 

2.0 

.02 

.00 

.00 

.01 

.03 

.05 

Pyruvate 

2.0 

- 

.03 

.22 

.45 

.62 

.64 

m 

0.2 

2.0 

.04 

.32 

.65 

.87 

.84 

- 

0.8 

2.0 

.03 

.62 

.85 

.80 

.80 

- 

Sued  nate 

- 

2.0 

.04 

.05 

.05 

.05 

.03 

.03 

- ■ no  data. 

*Succinate  and  additives  were  added  to  the  mineral  salts  basal 
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TABLE  13. 

EFFEa  OF  ADDED 
WITH  SUCCINATE 

GLUTAMATE  ON  GROWTH  OF  THE  WILD 
AS  PRINCIPLE  CARBON  SOURCE 

STRAIN 

Glutamate* 

mq/ml 

Succinate* 

mq/ml 

0 . D . 425  mu 
0 hrs  4 hrs 

24  hrs 

- 

2.0 

.07  .025 

.05 

0.1 

2.0 

.03  .03 

.075 

0.3 

2.0 

.05  .04 

.08 

0.5 

2.0 

.09  .03 

.49 

1.0 

2.0 

.11  .06 

1.4 

2.0 

2.0 

.07  .04 

2.0 

2.0 

.03  .01 

.07 

^Carbon  sources  were  added  to  minimal  salts  basal  medium. 
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possibly  due  to  the  formation  of  pyruvate  from  the  spontaneous  decarbox- 
ylation of  oxalacetate;  this  compound  is  extremely  unstable  at  room  tem- 
perature in  neutral  pH  (Merck  Index);  the  stimulatory  effect  of  pyruvate 
on  growth  has  already  been  shown. 

Effect  of  addition  of  culture  fluid  from  mutant.  The  possibility 
that  the  mutant  might  produce  a cofactor  which  was  required  by  the  wild 
type  was  investigated.  It  seemed  reasonable  that  if  growth  of  the  wild 
type  was  prevented  by  lack  of  an  end  product  of  a blocked  reaction,  the 
mutant  by  virtue  of  its  rapid  growth  and  metabolism  might  produce  a sub- 
stantial quantity  of  such  an  end  product,  and  that  it  might  accumulate 
in  the  medium.  This  culture  fluid  would,  then,  upon  addition  of  more 
succinate,  support  the  growth  of  the  wild  type.  This  idea  was  tested  in 
the  following  experiment. 

An  inoculum  of  the  mutant,  which  had  been  grown  in  glucose- 
aspartate  minimal  broth,  was  added  to  20  ml  of  succinate  basal  medium 
to  give  a final  concentration  of  2 x 10^  cells  per  ml.  This  culture  was 
incubated  on  a shaker  in  a 37  C water  bath.  When  optical  density  at 
425  mu  reached  0.75,  cells  were  removed  by  filtration  through  a millipore 
filter.  Forty  mg  of  succinate  were  added  to  about  20  ml  of  the  filtrate 
to  give  a concentration  of  0.2  per  cent.  Trace  minerals  were  also  added, 
and  the  filtrate  was  inoculated  with  the  wild  strain  to  a concentration 
of  2 X 10^  cells  per  ml.  A control  was  also  inoculated  into  fresh  succi- 
nate broth  at  the  same  density.  Both  cultures  were  incubated  in  a water 
bath  shaker  at  37  C,  and  growth  was  followed  by  increase  in  optical 
density  at  425  mu.  A mutant  control  was  also  included. 
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The  growth  of  the  wild  strain  on  succinate  was  markedly  stimu- 
lated by  the  mutant  culture  fluid,  but  it  still  exhibited  a lag  which 
was  longer  than  that  of  the  mutant.  A lag  of  more  than  23  hrs  occurred 
before  growth  of  the  wild  strain  gave  visible  turbidity  whereas  the  mu- 
tant exhibited  a lag  of  less  than  10  hrs.  The  control  wild  type  which 
was  inoculated  into  fresh  succinate  medium  did  not  show  any  increase  in 
optical  density  after  sixty  hours. 

The  culture  fluid  from  the  mutant  control  was  recovered  when  the 
culture  reached  an  optical  density  of  about  0.70,  and  chromatographed  in 
an  attempt  to  identify  the  active  component.  A 2 ml  sample  was  acidified 
with  10  per  cent  H^POi^  and  passed  through  the  gas  chromatographic  column 
to  detect  acetate.  No  peak  was  registered  in  the  acetate  area,  although 
an  acetate  control  gave  a very  strong  peak.  The  method  is  sensitive  to 
0.5  umoles  per  ml  so  it  must  be  concluded  that  less  than  this  amount  was 
present  in  the  culture  fluid;  therefore,  the  stimulatory  compound  was  not 
acetate.  Thin  film  chromatography  showed  that  less  than  4 umoles  per  ml 
of  the  four-carbon  Krebs  cycle  acids  were  present,  since  this  amount  is 
the  limit  of  the  sensitivity  of  the  method.  When  a chromatograph  was 
prepared  to  show  amino  acids  a single  pale  spot  of  about  the  same  mobil- 
ity as  alanine  was  observed.  The  presence  of  alanine  in  the  culture  fluid 
would  account  for  stimulation  of  growth  since  it  was  shown  previously 
that  it  was  effective  in  promoting  growth.  It  must  be  pointed  out  that 
alanine  and  glutamate  run  very  close  together  in  the  solvent  system  used, 
and  the  unknown  spot  was  somewhat  diffuse.  Glutamate  cannot,  therefore, 
be  excluded  as  the  stimulatory  substance. 
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n.  ftespl  ration  Stud!  es 

Respi ration  of  whole  cells  on  Krebs  cycle  compounds . Growth 
experiments  designed  to  test  the  permeability  of  the  cell  to  succinate 
have  shown  that  increasing  concentrations  of  substrate  do  not  markedly 
stimulate  the  growth  of  the  wild  type.  There  appeared  from  the  results 
of  that  experiment  to  be  some  slight  difference  in  permeability,  but  not 
sufficient  to  explain  the  great  difference  in  growth  rate.  Further  the 
stimulatory  effects  of  acetate  or  glutamate  seemed  to  indicate  that  fail- 
ure to  permeate,  alone,  could  not  explain  slow  growth  of  the  wild  type 
with  succinate.  An  experiment  was  undertaken  to  test  the  ability  of 
whole  cell  suspensions  to  oxidize  succinate  and  other  Krebs  cycle  com- 
pounds. If  failure  to  grow  were  due  solely  to  lack  of  succinate  perme- 
ation this  should  be  detectable  in  the  Warburg  respirometer.  The  cell 
which  is  not  permeable  to  the  substrate  will  not  concentrate  succinate 
internally  at  the  same  rate  as  one  which  is  permeable;  consequently  a 
reduced  rate  of  oxygen  uptake  should  be  observed. 

The  cell  suspension  used  in  this  experiment  was  prepared  as  de- 
scribed in  the  materials  and  methods  section.  One  ml  of  a suspension 
made  up  to  a known  optical  density  was  used.  The  substrates  were  added 
in  0.2  ml  quantities  from  0.2  per  cent  stock  solutions.  The  results 
showed  that  citrate  was  not  oxidized  measurably  by  either  strain.  This 
substrate  has  been  shown  to  be  impermeable  to  many  cells  until  the  in- 
duction of  a permease  occurs  (Gilvarg  and  Davis,  1955).  Of  five  trials 
the  rate  of  oxygen  uptake  with  succinate  as  the  substrate  was  higher  in 
the  wild  strain  in  two  and  in  the  mutant  in  three.  The  results  (Table 
14)  in  all  cases,  however,  did  show  a substantial  degree  of  respiration 


45 


TABLE 

14.  0X1 

DATI 

ION  OF  KREBS 
AND  WILD 

CYCLE  INTERMEDIATES  BY 
STRAIN* 

MUTANT 

Substrate 

Trial 

No. 

ul  O2/ 
Mutant 

hour/  0.  0.425  mu 

Wi Id  Strai n 

Ratio  of 
mutant 

wi Id  tvoe 

Succinate 

1 

1.95 

6.60 

0.30 

2 

4.66 

2.78 

1.68 

3 

2.00 

6.00 

0.32 

4 

2.14 

1.43 

1.49 

5 

6.94 

3.72 

1.86 

Fumarate 

1 

4.45 

2.85 

1 .56 

Malate 

1 

3.11 

1.78 

1.74 

Citrate 

1 

0.00 

0.00 

0.00 

★Figures  represent  ul  O2  taken  up  after  subtraction  of  endogenous 
respi ration. 
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on  succinate  in  both  strains,  so  that  lack  of  permeation  cannot  be  the 
major  explanation  for  the  very  delayed  growth  of  the  wild  type  on  this 
substrate.  Further,  as  already  pointed  out  permeability  differences 
cannot  explain  the  effect  of  acetate  and  glutamate.  It  must  be  con- 
cluded, therefore,  that  failure  of  succinate  to  permeate  the  wild  type 
cell  is,  at  most,  only  a contributing  factor  in  the  delayed  growth 
phenomenon.  The  mutant  showed  a irore  rapid  oxidation  rate  when  fumarate 
or  malate  was  the  substrate.  This  result  may  be  due  to  greater  pertnea- 
bllity  of  the  mutant  to  these  substrates,  since  the  succinate  was  oxi- 
dized almost  to  completion  in  most  cases  by  both  strains,  and  this  would 
require  that  the  steps  through  malate  and  fumarate  be  functional. 

Effect  of  added  nitrogen  sou rce  on  respi ration  of  succinate. 

The  previous  experiment  showed  no  pronounced  reduction  in  oxidation  rate 
of  whole  cells  on  succinate,  nor  a delay  in  the  initiation  of  oxidation. 
Since,  therefore,  failure  of  the  wild  strain  to  grow  readily  on  succi- 
nate could  not  be  due  to  lack  of  permeation,  it  was  proposed  that  the 
block  might  be  an  inhibition  of  one  of  the  assimilatory  pathways.  To 
test  this  idea  150  micromoles  of  ammonium  sulfate  were  included  in  the 
main  compartment  of  the  Warburg  vessel.  Other  conditions  were  the  same 
as  in  the  preceding  experiment.  If  a block  in  assimilation  was  occurring 
in  the  wild  type  the  addition  of  a nitrogen  source  should  have  no  ef- 
fect. If  this  was  not  the  case  then  ammonium  sulfate  should  have  pro- 
vided growth  promoting  conditions  resulting  in  a lower  total  oxidation 
since  some  of  the  carbon  would  be  diverted  into  assimilatory  pathways. 

The  results  (Figure  2)  of  two  tests  showed  that  an  average  re- 
duction of  oxygen  uptake  of  about  50  per  cent  did  occur  in  the  case  of 
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Fig.  2.  Effect  of  added  nitrogen  source  on  the  rate  of 
oxidation  of  succinate  and  total  oxygen  uptake  by  mutant  (•  “ •) 
wild  strain  (x — x) . Endogenous  has  been  subtracted. 
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the  mutant,  and  of  about  30  per  cent  in  the  case  of  the  wild  strain. 

This  difference,  although  not  large,  was  considered  significant.  In  a 
second  trial  the  reduction  in  oxygen  uptake  by  the  wild  type  in  the 
presence  of  ammonium  sulfate  was  only  about  11  per  cent.  It  appeared, 

■t 

therefore,  than  an  inhibition  of  assimilation  was  occurring,  but  this 
apparently  was  not  a complete  block.  Further,  the  results  of  this  ex- 
periment did  not  localize  the  block.  The  conditions  of  this  experiment 
were  very  close  to  the  conditions  for  growth,  except  for  the  lack  of 
trace  minerals  in  the  respiratory  experiment,  and  thus  it  was  not  unex- 
pected that  this  result  should  be  obtained. 

I nhi bi tory  effect  of  oxalacetate  on  sued  ni c dehydrogenase.  The 
results  of  the  growth  experiments  suggested  that  an  inhibitor  might  be 
accumulating  within  the  cell  which  could  be  overcome  by  the  addition  of 
acetate  or  glutamate;  this  compound  might  possibly  be  oxalacetate. 
Oxalacetate  is  known  to  be  a potent  inhibitor  of  succinic  dehydrogenase, 
and  has  been  shown  to  cause  a reduction  of  oxygen  uptake  by  mitochondria 
respiring  succinate  (Pardee  and  Potter,  1948).  The  experiment  described 
in  this  section  was  designed  to  determine  the  susceptibility  of  the 
enzymes  in  extracts  of  these  organisms  to  such  an  inhibition. 

A definite  reduction  in  the  rate  of  oxygen  uptake  by  the  cell 
extracts  in  the  presence  of  oxalacetate  was  observed  (Figure  3).  This 
depression  was  especially  pronounced  in  the  extract  of  the  wild  strain 
during  the  first  fifteen  minutes  of  respiration.  During  this  time  only 
14  ul  of  oxygen  were  consumed  in  the  flask  containing  oxalacetate  as 
compared  to  88  ul  by  the  control.  After  this  time  there  seemed  to  be  a 
slight  release  of  the  inhibition.  During  the  next  fifteen-minute  period 
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Fig,  3.  The  effect  of  oxal acetate 
of  cell  extracts  of  wild  strain  (x--x)  and 
in  the  Warburg  respirometer  with  succinate 


on  succinic  dehydrogenase 
mutant  (•  .)  as  measured 
as  the  substrate. 
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37  u1  of  oxygen  were  taken  up  in  the  flask  containing  inhibitor  while 
the  control  consumed  57  ul  of  oxygen.  Pardee  and  Potter  (19^)  reported 
that  oxalacetate  was  gradually  decarboxyl  at ed  spontaneously  to  pyruvate, 
resulting  in  a gradual  release  of  inhibition.  This  may  account  for  the 
increasing  rate  of  oxygen  uptake  seen  in  the  inhibited  mixtures  in  this 
experiment.  The  succinic  dehydrogenase  activity  of  the  extract  prepared 
from  mutant  cells  was  also  inhibited  by  oxalacetate,  but  the  early 
stages  of  the  inhibition  were  far  less  pronounced  than  those  of  the  wild 
strain.  In  another  experiment  oxalacetate  was  added  to  whole  cell  sus- 
pensions of  the  wild  strain  which  were  respiring  succinate,  and  no  inhi- 
bition was  noted. 

Effect  of  starvation.  Starvation  of  the  wild  strain  cells  might 
promote  the  depletion  of  internal  pools  of  metabolites.  If  such  pools 
are  present  the  cell  has  these  metabolites  readily  available  and  the 
rate  of  succinate  oxidation  should  be  steady  from  the  start.  Starved 
cells  should  show  a rapid  initial  rate  of  oxidation  until  the  pools  are 
replenished.  Thus  a difference  in  the  initial  rates  of  oxidation  be- 
tween starved  and  nonstarved  cells  should  be  seen.  Failure  of  the 
starved  cells  to  oxidize  succinate  could  also  be  due  to  exhaustion  of  an 
essential  cofactor. 

A suspension  of  washed  cells,  0.  D.  of  0.60,  was  shaken  eight 
hours  in  phosphate  buffer.  The  cells  were  then  harvested  as  usual,  and 
oxygen  uptake  with  succinate  as  the  substrate  was  measured  in  the  Warburg 
respirometer.  Freshly  harvested,  nonstarved  cells  were  also  tested  as 
a control.  The  results  (Figure  4)  showed  that  the  rate  of  oxygen  uptake 
by  nonstarved  cells  was  22.1  per  cent  higher  than  that  of  the  starved 
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Fig.  4.  Effect  of  starvation  on  succinate  oxidation 
by  the  wild  strain,  starved  cells  (x--x)  took  up  6 ui  of  oxygen 
per  hour  per  0.  D.  Unit,  nonstarved  (•  •)  took  up  7-7  ui  of 

oxygen  per  hour  per  0..D.  Unit. 
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cells.  This  suggested  that  an  inhibitor  was  present  which  was  not  com- 
pletely effective  since  the  total  oxygen  uptake  by  starved  and  nonstarved 
cells  was  not  significantly  different.  A second  interpretation,  that  the 
starvation  resulted  in  the  exhaustion  of  an  essential  cofactor,  was  also 
possi ble. 

Effect  of  cell  concentration.  Having  demonstrated  the  suscepti- 
bility of  succinic  dehydrogenase  to  inhibition  by  oxalacetate,  evidence 
for  the  accumulation  of  an  internal  i nhi  bi  tor,  perhaps  oxal  acetate^  usi  ng 
whole  cells  was  sought.  A heavy  cell  suspension  might  be  expected  to 
oxidize  succinate  at  a faster  rate  than  the  more  dilute  suspensions,  be- 
cause there  are  more  cells  present.  Such  a heavy  suspension  might  also 
have  a greater  total  oxygen  uptake  in  spite  of  the  presence  of  a partial 
Inhibitor  because  oxygen  uptake  under  such  conditions  of  limiting  sub- 
strate would  be  complete  before  an  inhibitory  effect  could  become  visi- 
ble. However,  If  no  inhibitor  were  accumulated  the  rate  of  oxidation 
would  be  slower  in  the  dilute  suspensions  because  fewer  cells  are  pres- 
ent, but  the  total  volume  of  oxygen  consumed  would  be  the  same  as  in 
heavy  suspensions. 

The  cells  for  this  experiment  were  grown  as  previously  described. 
The  optical  densities  of  the  suspensions  were  adjusted  as  shown  in 
Figure  5.  One  milliliter  of  each  of  the  suspensions  was  used  in  the 
experl ment . 

On  the  basis  of  oxygen  uptake  per  unit  of  optical  density,  the 
wild  strain  showed  about  20  per  cent  greater  activity  than  the  mutant. 
However,  there  was  a considerable  variation  in  respiratory  activity  among 
the  various  cell  masses  used  in  different  experiments  (Table  15).  The 


Fig.  5.  Effect  of  decreasing  cell  density  on  rate  of  oxidation 
of  succinate  by  the  wild  strain  and  mutant.  A second  aliquot  of  sub- 
strate was  tipped  at  130  minutes  in  the  case  of  the  mutant  at  the  two 
highest  cell  densities.  In  the  case  of  the  wild  type  a second  aliquot 
was  tipped  at  160  min  when  the  0.  D.  was  48  and  at  180  min  when  the 
0.  0.  was  22. 
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TABLE 

15.  VARIATION 
ACTIVITY 

AMONG  DIFFERENT  CELL  MASSES  1 
WITH  SUCCINATE  AS  SUBSTRATE 

N RESPIRATORY 

0.  0.*  of 

Q1  02/hr/O. 

D.  unit 

Ratio 

Strai n 

cel  1 mass 

Endogenous 

Succi nate 

Succ./End 

Wi  Id 

22 

1.30 

3.00 

2.30 

Mutant 

20 

0.55 

2.40 

4.40 

Wild 

29 

0.48 

3.72 

7.75 

Mutant 

22.5 

0.80 

6.49 

8.70 

Wi  id 

27 

0.67 

2.78 

4.10 

Mutant 

27 

0.22 

4.66 

21 .0 

Wild 

30 

0.55 

6 . 60 

12.0 

Mutant 

30 

0.98 

1.95 

2.00 

Wi  Id 

84 

0.55 

1.43 

2.60 

Mutant 

84 

1.10 

2. 14 

1 .90 

*0.  D.  was  determined  by  diluting  the  suspension 
measuring  turbidity  spectrophotometrical ly . 

l/lOO  and 
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per  cent  increase,  in  this  case,  in  the  rate  of  oxidation  with  decrease 
in  cell  density  was  similar  in  the  two  strains.  The  lowest  cell  concen- 
tration in  the  case  of  the  wild  strain  showed  a decrease  in  oxidation 
rate  of  about  17  per  cent,  while  the  mutant  oxidation  rate  increased  by 
10  per  cent.  This  may  have  resulted  from  the  activity  of  a very  weak 
inhibitor,  but  the  rapid  resumption  of  respiration  when  additional  sub- 
strate was  provided  after  exhaustion  of  the  first  aliquot  did  not  sup- 
port this  view.  With  the  heaviest  cell  suspensions  both  strains  com- 
pletely oxidized  the  substrate,  but  in  the  case  of  the  wild  strain,  the 
total  oxidation  was  somewhat  decreased.  The  mutant  continued  to  com- 
pletely oxidize  the  substrate  as  cell  density  was  decreased  until,  at 
the  lowest  cell  concentration,  it,  like  the  wild  strain,  attained  only 
about  50  per  cent  of  the  total  theoretical  oxygen  uptake.  From  these 
results  it  was  strongly  suggested  that  the  action  of  a metabolic  inhib- 
itor accumulating  during  the  course  of  succinate  oxidation  was  not  strong 
enough  to  cause  the  dramatic  delay  in  growth  of  the  wild  strain  on 
succinate. 

It  must  again  be  pointed  out  that  loss  of  an  essential  cofactor 
by  leakage  into  the  surrounding  medium,  in  the  case  of  low  cell  densi- 
ties, rather  than  accumulation  of  an  inhibitor,  could  also  account  for 
the  reduction  in  oxidation  rate  seen  at  the  lowest  cell  concentration  of 
the  wild  type.  This  possibility  has  been  mentioned  previously  (see 
Section  i.  Effect  of  Starvation). 

Respj  ration  of  Krebs  cycle  compounds  by  cel  1 -free  extracts . 

Stone  and  Wilson  (1952)  observed,  in  extracts  of  Azotobacter  that  there 
was  an  initial  rapid  uptake  of  oxygen  when  the  substrate  was  fumarate. 
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malate  or  citrate.  However,  after  about  ten  minutes  the  respiration  on 
these  substrates  fell  to  the  level  of  the  extracts  respiring  succinate. 
When  deprotei nized  and  analyzed,  the  succinate  reaction  mixtures  showed 
a fourfold  higher  concentration  of  oxalacetate  than  the  controls.  Fur- 
ther, addition  of  glutamate  to  the  extracts  which  were  respiring  succi- 
nate resulted  in  a sharp  increase  in  the  rate  of  oxidation. 

The  object  of  this  experiment  was  to  determine  whether  a similar 
phenomenon  was  occurring  in  extracts  of  Salmonel la  tvphimuri urn  wild 
type.  Following  the  procedure  of  Stone  and  Wilson  the  cells  were  washed 
three  times,  and  resuspended  in  0.2  per  cent  ICCl  . They  were  disrupted 
by  one  passage  through  the  French  pressure  cell  (1950),  and  the  result- 
ing extract  was  centrifuged  at  1475  x g for  twenty-five  minutes  to  re- 
move debris  and  unbroken  cells.  The  supernatant  fluid  was  used  in  this 
experiment.  The  data  (Figure  6)  showed  no  difference  in  the  pattern  of 
oxygen  uptake  between  mutant  and  wild  type;  neither  extract  was  able  to 
oxidize  fumarate,  malate  or  citrate,  but  both  oxidized  succinate.  The 
total  oxygen  uptake  with  succinate  was  only  enough  to  give  rise  to 
fumarate,  and  this  fact  together  with  the  failure  of  the  extracts  to 
respire  fumarate  suggested  that  some  damage  to  the  enzyme,  fumarate,  may 
have  occurred  during  preparation.  The  whole  cells  of  both  strains  did 
oxidize  fumarate  and  malate,  and  i t wi 1 1 be  shown  in  the  next  section 
that  extracts  prepared  subsequently  had  fumarase  activity.  Therefore,  a 
block  at  this  point  in  the  Krebs  cycle  did  not  account  for  the  slow 
growth  of  the  wild  type  on  succinate.  Since  no  difference  between  mu- 
tant and  wild  type  was  apparent  the  reaction  mixtures  were  not 
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Fig.  6.  Oxygen  uptake  by  cell  extracts  of  wild  strain 
(x--x)  and  mutant  (■  •)  with  succinate  as  the  substrate. 
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analyzed.  No  difference  in  oxal acetate  accumulation  was  expected  in 
view  of  the  oxygen  uptake  patterns. 

III.  Enzyme  Studies 

A survey  of  Krebs  cycle  and  related  enzymes  was  made  to  determine 
whether  any  were  lacking  or  showed  less  activity  in  the  wild  strain.  The 
methods  used  may  be  found  in  the  Materials  and  Methods  section.  While 
these  experiments  were  performed  on  the  crude  preparations,  that  is, 
without  any  attempt  at  purification  of  the  cell  extracts,  conditions  for 
assays  of  extracts  of  both  strains  were  kept  constant  and  the  results 
showing  enzyme  activity  were  considered  valid  on  a comparative  basis. 
Absence  of  enzyme  activity  in  both  extracts  could  have  been  the  fault 
of  the  method,  and  would  have  been  meaningless. 

A tenfold  difference  in  isocitritase  activity  (Table  16)  in  the 
glucose-aspartate  grown  organisms  was  striking  in  view  of  the  fact  that 
in  previously  reported  systems  (Kornberg,  1961;  McFadden  and  Howes, 

1961)  glucose  suppressed  the  formation  of  this  enzyme.  This  finding 
suggested  that  the  failure  of  the  wild  type  to  grow  readily vOn  succinate 
might  be  due  to  exhaustion  of  acetate  pools  through  condensation  of  ace- 
tate with  glyoxylate.  This  possibility  has  already  been  mentioned,  and 
it  has  been  demonstrated  that  acetate  enhances  the  growth  of  the  wild 
strain  on  succinate  (see  Table  11,  Section  I).  To  test  this  idea  iso- 
citritase was  induced  in  the  mutant  by  growing  it  on  acetate.  The  cells 
were  harvested,  washed  twice  in  0.2  per  cent  KCl,  and  inoculated  into 
succinate  to  give  a final  concentration  of  2 x 10^  cells  per  ml.  The 
rest  of  the  cells  were  disrupted  in  the  French  pressure  cell,  and  the 
extract  assayed  for  isocitritase  as  before.  Very  marked  enzyme  activity 
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TABLE  16.  SPECIFIC  ENZYME  ACTIVITY  OF  CELL  EXTRACTS 
OF  WILD  STRAIN  AND  MUTANT 


Enzyme 

Sped  f i c Act  i vi  ty 
0.  D.  Units/mq  Protei 
Wild  Strain 

i n 

i n/mi  n 
Mutant 

Succinic  dehydrogenase® 

0.031 

0.034 

Fumarase 

0.140 

0.101 

TPN-Malic  dehydrogenase 

0.034 

0.024 

Glutamic  dehydrogenase 

0.141 

0.106 

Aspartase^^ 

0.041 

0.074 

Oxal acetic  decarboxyl ase^ 

1.26 

1.80 

1 soci  tri  tase*^ 

0.098 

0.009 

^Specific  activity  measured  as  ul  O2  taken  up/mg/min. 

^Specific  activity  measured  as  ug  NHi^  formed/mi  n/mg  protein. 

‘"Specific  activity  measured  in  ul  CO2  evolved/mi  n/mg  protein. 

<^he  specific  isocitritase  activity  of  the  mutant  cultured  on 
acetate  measured  O.96  0.  D.  units/mg  protein/min. 
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was  observed  (see  footnote  d,  Table  1^),  but  the  presence  of  isocitritase 
In  the  mutant  had  apparently  no  effect  on  Its  growth  In  succinate.  The 
Induced  cells  grew  at  a rate  exactly  equal  to  that  of  the  glucose- 
aspartate  grown  control  (Table  1 7) » and  no  difference  between  the  In- 
duced and  the  noninduced  cells  In  the  length  of  the  lag  was  noted.  This 
evidence,  therefore,  did  not  support  the  theory  of  acetate  depletion  by 
Isocitritase  action,  but  neither  did  It  disprove  it. 

IV.  T racer  Experi ments 

If  a block  In  one  of  the  reactions  of  the  Krebs  cycle  could  ac- 
count for  the  failure  of  the  wild  type  to  grow  on  succinate  then  the 
product  of  the  reaction  preceding  the  block  should  accumulate.  The  ac- 
cumulation of  such  a product  should  show  up  as  if  labeled  succinate 
were  supplied.  The  experiment  described  below  was  designed  to  determine 
whether  any  Krebs  cycle  intermediates  did  in  fact  accumulate. 

One  ml  of  a suspension  of  whole  cells  was  incubated  in  Warburg 

flasks  containing  in  the  main  compartment,  phosphate  buffer,  pH  6.8, 

60  umoles,  MgS0/^.7H20,  2 umoles;  distilled  water  to  bring  the  fluid 

volume  to  3.0  ml.  The  side  arm  contained  1.66  umoles  of  succinic  acid 

l4 

1 -C  (specific  activity  ■ 5.8  ucuries/umole) , and  7.5  umoles  of  un- 
labeled succinate  to  give  about  10  umoles  total.  Oxygen  uptake  was 
measured  for  90  min  after  which  the  whole  contents  of  the  Warburg  vessel 
were  passed  through  the  Hughes  Press  to  disrupt  cells.  One  ml  of  5N 
H2S0/^  was  added  to  one  ml  of  the  cell  extract,  and  the  precipitated  pro- 
tein removed  by  centrifugation.  The  supernatant  fluid  was  extracted  with 
one  ml  of  ethyl  ether,  and  0.3  ml  of  the  ether  layer  was  removed  and 
evaporated  to  dryness.  The  residue  was  resuspended  to  0.5  ml  of  ethyl 
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TABLE  17. 

EFFECT  OF 
THE  MUTANT 

ISOCITRITASE  1 
IN  SUCCINATE 

NOUCTION  ON  GROVn'H  OF 
MINIMAL  BROTH 

0 

• 0*425  mg 

T reatment 

10  hrs 

14  hrs 

23  hrs  

34  hrs 

1 nduced* 

0.10 

0.63 

0.75 

0.80 

Noni nduced 

0.13 

0.66 

0.76 

0.89 

*lnduction  of  isocitritase  was  brought  about  by  culturing  the 
cells  in  acetate  minimal  broth. 
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alcohol;  this  solution  was  used  for  chromatography  of  fatty  acids. 

Twenty  microliters  of  a similarly  treated  succinate  control  were  also 
chromatographed  to  determine  isotope  recovery.  The  remaining  portion 
of  the  extract  (0.65  ml  in  the  case  of  the  wild  type,  and  0.95  ml  in  the 
case  of  the  mutant)  was  added  to  1 ml  of  5 per  cent  trichloroacetic  acid. 
After  centrifuging  out  the  precipitate,  1 ml  of  the  supernatant  fluid 
was  used  to  prepare  the  2,4  di ni trophenylhydrazones.  These  derivatives 
were  chromatographed  as  described  previously  in  the  materials  and  meth- 
ods section. 

The  carbon  dioxide  was  collected  in  20  per  cent  KOH,  and  the  so- 
lution was  removed  from  the  center  well  quantitatively.  After  seventy- 
two  hours  storage  the  CO2  was  driven  off  by  the  addition  of  concentrated 
H2SO/1,  and  collected  in  0.5  ml  of  a 50  per  cent  solution  of  Hyamine  in 
methanol  (Packard  Instrument  Company)  in  a Durham  gas  vial.  The  vial 
was  dropped  into  a scintillation  vial  and  the  radioactivity  measured. 

The  oxygen  uptake  curves  of  the  two  organisms  were  nearly  iden- 
tical (Figure  7).  It  was  not  surprising,  therefore,  that  no  difference 
in  the  accumulation  of  the  Krebs  cycle  intermediates  could  be  demon- 
strated. All  of  the  radioactivity  which  was  recovered  was  found  in  the 
CO2  fraction,  but  there  was  no  significant  difference  in  the  amount  of 
radioactivity  between  the  two  strains  in  any  fraction  tested  (Table  18). 
This  suggested  that  there  was  no  block  in  the  Krebs  cycle  itself  which 
could  explain  the  slow  growth  of  the  wild  type  of  succinate.  Apparently 
both  organisms  could  oxidize  the  substrate  to  carbon  dioxide. 
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TABLE 

18. 

UTILIZAT 

ION  OF  SUCCINATE  BY  1 

INTACl 

■ CELLS 

Organ! sm 

Counts  per  minute  in 

OAA 

KG 

Citrate 

Succi nate 

Puma rate 

Mai  ate 

0 

0 

iNJ 

Mutant 

48 

40 

29 

37 

29 

29 

38,770 

Wi Id  strain 

48 

43 

34 

29 

33 

30 

45.809 

Backg round 

30 

Succinate  Control 

1,011/20  ul 

(1.52  X lo5  total  1 n 

3 ml) 

Total  radioactivity  input:  3.6  uCuries  = 2.8  x lo5  CPM  (54.6%  recovered) 


DISCUSSION 


Succinic  acid  will  serve  as  the  sole  carbon  and  energy  source 
for  many  microorganisms  (Stephenson,  19^9),  among  them  some  strains  of 
Saimonella  typhimurlum  (Engelsberg,  1961).  The  finding  that  this  sub- 
strate would  not  readily  support  the  growth  of  the  wild  strain  used  in 
this  study  was  an  unexpected  result.  Even  more  perplexing  was  the 
observation  that  a mutant  produced  from  this  strain  by  ultraviolet 
irradiation  grew  quite  readily  on  succinate.  That  the  biochemical 
lesion  produced  by  the  irradiation,  a requirement  for  aspartate,  was 
not  directly  associated  with  the  rapid  growth  rate  of  the  mutant  on 
succinate  was  verified  by  the  fact  that  one  could  select  wild  strain 
cultures  which  grew  rapidly  on  succinate.  Delayed  growth  of  the  wild 
strain  was  also  observed  when  either  fumarate  or  malate  was  the  sole 
carbon  source,  but  the  delay  was  not  so  marked  as  the  lag  on  succinate. 
Both  organisms  grew  well  on  citrate.  This  finding  suggested  that  the 
Krebs  cycle  was  operative,  at  least  under  the  conditions  employed.  The 
only  aerobic  pathway  known  for  citrate  utilization  is  through  this 
cycle,  and  succinate  must  necessarily  be  formed  and  degraded.  Thus  it 
was  not,  at  the  outset,  likely  that  any  absolute  block  In  the  cycle 
would  explain  the  observations.  Therefore,  the  most  obvious  explanation 
for  the  slow  growth  of  the  wild  type  on  succinate  was  that  the  cell  was 
not  permeable  to  it,  due  either  to  loss  of  a permease  or  simply  to  slow 
diffusion.  This  idea  was  not  supported  by  the  experimental  data.  In- 
creases in  succinate  concentration  failed  to  stimulate  the  growth  rate 
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of  the  wild  strain  to  any  marked  degree.  Furthermore,  the  oxidation  of 
succinate  by  whole  cells,  although  somewhat  slower  than  the  mutant, 
indicated  that  the  substrate  could  permeate  the  wild  strain.  This 
slower  rate  of  oxidation  did  not  occur  consistently,  and  It  did  not 
appear  that  permeation  was  the  only  factor  to  account  for  the  slow 
growth  of  the  wild  strain  with  succinate. 

The  growth  yield  constants  of  these  organisms  on  succinate  and 
citrate  were  almost  Identical.  The  similarity  of  the  constants  on 
citrate  suggested  that  energyproviding  mechanisms  were  the  same  in 
both  strains.  This  result  Implied  that  both  organisms  were  able  to 
carry  out  an  efficient  oxidative  phosphorylation,  and  had  a complete 
cytochrome  system.  Differences  In  growth  yield  constants  were  apparent 
when  either  fumarate  or  malate  was  the  substrate,  but  this  may  reflect 
differences  in  permeability,  since  these  compounds  are  not  readily 
permeable. 

Since  neither  a significant  permeability  barrier  nor  inter- 
ference with  oxidative  phosphorylation  in  relation  to  succinate  utili- 
zation were  supported  by  the  experimental  evidence,  it  seemed  possible 
that  a rate  limiting  reaction  step  might  be  occurring  in  the  wild  strain, 
but  not  In  the  mutant.  The  effect  of  inoculum  size  seemed  to  support 
such  a hypothesis.  The  shortening  of  the  lag  period  by  Increasing  the 
inoculum  size  suggested  that  some  essential  growth  factor  was  being 
inoculated  with  the  cells,  probably  intracel lularly,  since  all  inocula 
were  thoroughly  washed.  This  substance  would  become  available  to  the 
cells  by  leakage  Into  the  medium,  and  might  then  act  as  a sparker.  The 
decrease  In  the  rate  of  oxidation  of  succinate  caused  by  starvation  of 
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cells  also  suggested  the  presence  of  an  essential  growth  factor  which 
might  have  been  depleted  by  this  treatment.  The  effect  of  such  a rate 
limiting  step  might  be  eliminated  by  supplying,  externally,  its  reaction 
product.  Addition  of  supplementary  carbon  sources  revealed  that  a 
number  of  substances  would  stimulate  the  growth  of  the  wild  strain  on 
succinate.  The  most  effective  of  these  were  acetate  and  pyruvate. 
Alanine,  glycine,  and  glutamate  also  showed  definite  stimulation,  but 
less  than  that  of  acetate.  It  was  reasoned  that  the  effect  of  alanine 
and  pyruvate  possibly  was  to  provide  acetate  to  the  culture,  by  deami- 
nation decarboxylation  of  alanine  and  by  decarboxylation  of  pyruvate. 
Glutamate  must  stimulate  through  another  mechanism.  The  stimulatory 
effect  of  acetate  and  acetate  precursors  suggested  that  the  observed 
delay  of  growth  on  succinate  by  the  wild  strain  was  due  to  a depletion 
of  internal  acetate  pools. 

A second  line  of  evidence,  the  demonstration  of  tenfold  greater 
activity  of  isocltritase  in  the  wild  type,  supported  the  hypothesis  of 
acetate  depletion.  It  suggested  that  the  glyoxylate  cycle  was  operative, 
and  this  pathway  could  promote  the  rapid  depletion  of  acetate  pools  by 
a condensation  of  glyoxylate,  formed  through  the  mediation  of  isocltrl- 
tase,  with  the  available  acetate  to  give  rise  to  malate.  This  could 
result  in  cessation  of  Krebs  cycle  reactions  because  of  lack  of  an 
essential  component,  acetate.  If  this  were  the  case,  then  induction  of 
Isocltritase  in  the  fast-growing  mutant  should  cause  a long  lag  when  the 
cells  were  inoculated  into  succinate  medium.  This  did  not  happen;  the 
induced  and  noninduced  mutants  grew  at  exactly  the  same  rate  in  succinate 
broth  even  though  a high  level  of  isocltritase,  100-foId  greater  than  in 
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the  noninduced,  was  demonstrated  In  the  extract  of  the  induced  cells. 

This  evidence  did  not,  therefore,  support  the  hypothesis  of  acetate 
depletion  by  this  mechanism. 

While  not  directly  responsible  for  the  failure  of  the  wild  type 
to  grow  readily  with  succinate  as  the  sole  carbon  source,  the  depletion 
of  acetate  pools  might  have  an  indirect  effect  by  causing  oxalacetate 
to  accumulate.  This  compound  has  been  shown  to  be  inhibitory  to 
succinic  dehydrogenase,  in  mitochondria  (Pardee  and  Potter,  19^8)  and 
this  effect  has  been  substantiated  by  the  experiments  reported  In  this 
thesis.  The  effect  of  glutamate  would  then  be  to  remove  the  Inhibitor 
by  converting  it  via  a transamination  to  aspartate.  Acetate  would  be 
effective  in  this  scheme  by  condensing  with  oxalacetate  to  form  citrate. 

A schematic  representation  of  the  reactions  concerned  in  these  hypotheses, 
which  are  closely  interacting  and  difficult  to  disassociate,  is  presented 
below: 
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Growth  on  citrate  would  be  possible  in  this  scheme  because  gluta- 
mate, produced  from  a-ketoglutarate , would  prevent  the  accumulation  of 
oxalacetate. 
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It  was  expected  that,  if  the  above  scheme  were  correct,  oxa lace- 

14 

tate  could  be  detected.  When  intact  cells  oxidized  C -labeled  succinate, 
the  labeled  carbon  did  not  accumulate  In  oxalacetate;  all  of  the  re- 
covered isotope  was  found  In  the  CO2  fraction.  This  appearance  of  the 
label  in  the  CO2  makes  a lesion  in  the  Krebs  cycle  Itself  Improbable. 

Neither  of  these  hypotheses  has  taken  Into  account  the  fact  that 
succinate  Is  oxidized  by  both  the  mutant  and  the  wild  strain.  It  was 
considered  possible  that  low  concentrations  of  succinate  might  be  oxi- 
dized before  sufficient  oxalacetate  had  built  up  to  cause  inhibition,  or 
that  sufficient  acetate  would  be  present  to  permit  small  amounts  of  the 
substrate  to  be  oxidized.  However,  if  the  concentration  of  succinate 
were  increased  or  the  number  of  cells  decreased  an  inhibitory  effect, 
measured  as  a cessation  of  oxygen  uptake,  might  have  been  expected. 

When  the  concentration  of  succinate  was  increased  sixfold,  as  in  the 
isotope  experiment  (see  Figure  7),  or  when  the  cell  concentration  was 
reduced  (see  Figure  5),  no  significant  inhibition  of  oxygen  uptake  was 
observed  in  the  wild  type  as  compared  to  the  mutant,  but  rather  there 
was  an  increase  in  rate  in  both  strains  at  the  lower  cell  densities. 

At  very  low  cell  concentrations  a decrease  in  the  oxidation  rate  of  the 
wild  strain  on  succinate  was  seen,  but  this  seemed  to  indicate  that  only 
a very  weak  inhibitor,  if  any,  was  involved.  Such  an  inhibitor,  by 
itself,  would  not  be  effective  enough  to  cause  the  very  long  delay  in 
growth  of  the  wild  strain  on  succinate.  There  was  considerable  vari- 
ation in  respiratory  activities  with  different  populations  of  cells, 
but  this  may  have  been  due  to  the  lack  of  uniformity  of  the  physiological 
condition  of  the  cells.  The  cultures  used  were  incubated  for  ten  hours 
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and  presumably  had  entered  Into  the  stationary  phase  of  growth.  Thus, 
some  of  the  cells  would  be  less  active,  metabol leal ly , than  others,  due 
to  senescence,  and  the  number  of  these  might  vary  with  different  cultures. 

The  finding  that  both  wild  strain  and  mutant  could  oxidize 
succinate  essentially  to  completion  suggested,  as  did  the  isotope  ex- 
periment, that  there  was  no  enzymatic  block  in  the  Krebs  cycle  itself. 
Further  support  for  this  view  was  found  In  the  data  concerning  Krebs 
cycle  enzyme  activity.  A survey  of  these  enzymes  failed  to  reveal  any 
significant  differences  between  the  wild  strain  and  the  mutant. 

None  of  the  postulated  causes  for  the  slow  growth  of  the  wild 
strain  on  succinate  has  been  supported  by  the  experimental  data.  The 
results  so  far  reviewed  indicated  that  the  wild  type  is  permeable  to 
succinate,  although  it  may  be  slightly  less  so  than  the  mutant,  that  It 
has  the  same  efficiency  of  energy  production  as  the  mutant,  and  that 
the  Krebs  cycle  is  functional.  Any  interpretation  invoked  must  account 
for  the  ability  of  the  wild  strain  to  oxidize  succinate  to  an  appreciable 
degree,  while  it  is  still  unable  to  grow  on  it.  The  only  difference 
between  growth  and  respiration  experiments  was  the  presence  of  ammonium 
sulfate  in  the  growth  flasks.  By  simulating  more  closely  the  growth 
conditions  it  might  be  possible  to  bring  about  some  change  in  the 
respiratory  patterns  of  the  mutant  and  the  wild  strain.  When  ammonium 
sulfate  was  included  in  the  Warburg  flasks  a slight  difference  in  oxygen 
uptake  occurred.  The  mutant  showed  a reduction  in  oxygen  consumption  of 
nearly  50  per  cent,  the  wild  type  about  30  per  cent.  This  suggested  the 
possibility  of  a block  In  assimilation  rather  than  in  oxidation.  This 
is  a rather  tenuous  theory,  however,  in  view  of  the  fact  that  both 
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organisms  can  grow  on  citrate.  Presumably  the  same  assimiiatory  pathway 
is  used  with  this  substrate  as  with  succinate,  since  both  are  metabolized 
through  the  Krebs  cycle  and  reactions  associated  with  it.  Further,  the 
wild  strain  also  grows  on  glucose,  and  this  substrate  is  oxidized,  ulti- 
mately, through  the  Krebs  cycle.  A separate  mechanism  for  the  synthesis 
of  amino  acids  would  have  to  be  proposed  in  organisms  growing  on  glucose. 
The  only  amino  acid  not  formed  through  the  Krebs  cycle  is  alanine,  but 
it  can  be  formed  from  the  catabolism  of  other  more  complex  amino  acids, 
it  is,  therefore,  difficult  to  imagine  any  block  in  amino  acid  synthesis 
which  would  permit  growth  on  citrate  and  glucose  but  not  on  succinate. 

The  nature  of  the  eventual  adjustment  of  the  wild  strain  to 
succinate  utilization  was  not  entirely  clear  from  the  results  obtained. 
The  modified  fluctuation  test  seemed  to  indicate  that  the  eventual  growth 
of  the  organism  was  due  to  a physiological  adaptation,  perhaps  to  in- 
duction of  an  enzyme  of  the  formation  of  critical  levels  of  an  essential 
metabolite.  As  shown  by  Engel sberg  and  Stanier  (19^9),  however,  such  a 
result,  that  is,  eventual  growth  in  all  tubes,  could  be  due  to  mutation 
occuring  during  growth  on  impurities  in  the  medium.  Slow  growth  of  the 
cells  on  succinate  might  also  have  occurred,  but  in  this  case  such  a 
wide  fluctuation  in  the  time  of  appearance  of  turbidity  in  the  various 
tubes  would  not  be  expected. 

When  cell  populations  arising  from  small  inocula  in  succinate 
medium  were  transferred  to  the  glucose-aspartate  medium,  either  agar  or 
broth,  and  then  reinoculated  into  succinate  minimal  broth,  they  retained 
the  ability  to  grow  rapidly.  This  suggested  that  the  growth  of  the  wild 
strain  on  succinate  was  actually  the  growth  of  a mutant.  However,  when 
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the  experiment  was  done  using  solid  media  instead  of  liquid,  and  colonies 
were  transferred  from  succinate  agar  to  trypticase  soy  agar  plates,  then 
back  to  succinate,  no  fast-growing  colonies  were  found.  The  presence  of 
a few  rapidly  growing  ceils  in  close  proximity  to  the  slower-growing 
organisms,  such  as  might  be  the  case  in  liquid  medium,  might  promote 
more  rapid  growth  of  the  slow  strain.  This  possibility  was  not  sub- 
stantiated by  experiments.  When  a few  of  the  rapidly  growing  cells  were 
added  to  a large  population  of  the  slow  strain,  and  the  mixture  was 
plated,  there  was  no  Increase  in  the  number  of  fast-growing  cells  over 
the  number  originally  put  in. 

Thus  some  experiments  seemed  to  indicate  that  growth  was  due  to 
mutation,  while  others  seemed  to  show  that  it  was  not.  It  is  possible 
that  both  mutation  and  physiological  adaptation  were  occurring;  the 
culture  used  In  these  experiments  may  consist  of  a highly  variable 
population  in  which  a large  number  of  cells  have  a high  mutation  rate. 

This  would  account  for  the  variation  observed  in  the  experiments  reported. 

This  problem  has  proved  to  be  considerably  more  complex  than  it 
appeared  at  first.  All  of  the  logical  explanations  have  been  complicated 
by  the  inconsistency  between  growth  and  respiration,  so  that  the  more 
apparent  interpretations  of  the  data  are  invalidated.  While  the  exact 
nature  of  the  metabolic  block  has  not  been  discovered  the  ability  of  the 
wild  type  to  grow  with  succinate  in  combination  with  acetate  suggested 
that  the  cell  was  unable  to  synthesize  acetate  or  acetyl  CoA  In  sufficient 
quantities  to  support  growth.  The  evidence  seemed  to  point  to  a block, 
not  in  the  Krebs  cycle  itself,  but  in  some  secondary  but  essential  re- 
action In  which  acetyl  Coenzyme  A is  a component.  In  the  metabolic 
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conversion  of  glucose  to  fatty  acids  acetyl  Coenzyme  A is  known  to  be  a 
necessary  intermediate  (Fruton  and  Simmonds,  1959).  it  is  also  a reactant 
in  the  formation  of  ornithine  from  glutamic  acid,  and  acetate  is  required 
for  the  formation  of  leucine  f rom  a -ketova lerate.  The  function  of  gluta- 
mate, in  addition  to  that  of  a source  of  amino  groups,  might  be  to  supply 
acetyl  Coenzyme  A through  some  catabolic  process.  Acetyl  Coenzyme  A Is 
also  a reactant  in  the  acetylation  of  amines.  For  example,  acetyl  Coenzyme 
A can  react  with  glucosami ne-6-phosphate  to  form  acetyl-glucosamine-6- 
phosphate,  an  intermediate  In  cell  wall  synthesis.  Acetyl  Coenzyme  A is 
thus  a reactant  In  several  essential  biosynthetic  reactions  which  may 
function  suboptimally  in  the  metabolism  of  the  wild  strain  growing  on 
succinate. 

The  additional  possibility  exists  that  the  observed  effect,  slow 
growth  of  the  wild  strain  on  succinate,  is  due  to  a combination  of  causes. 
Thus  each  of  the  explanations  presented  and  tested  in  this  thesis  may 
only  account  for  part  of  the  phenomenon,  so  that  the  phenomenon  would  then 
result  from  the  summation  of  all  of  the  interacting  factors.  Viewed  in 
this  way,  it  would  be  easier  to  understand  why  none  of  the  hypotheses, 
alone,  could  account  for  the  slow  growth  of  the  wild  strain  on  succinate. 


SUMMARY 


The  objective  of  this  thesis  was  to  study  the  metabolic  mechanism 
by  which  a Salmonel 1 a tvphimuri urn  wild  type  and  a mutant  derived  from  it 
utilized  succinate  as  a sole  carbon  source.  The  following  points  were 
brought  out  in  the  course  of  the  Investigation: 

1.  The  initiation  of  growth  of  the  wild  type  with  succinate, 
fumarate,  or  malate  as  sole  carbon  source  was  delayed  by 
a period  of  40  to  70  hours  over  that  of  the  mutant. 

Neither  strain  grew  readily  with  acetate,  but  both  uti- 
lized citrate  at  the  same  rate. 

2.  Growth  of  the  wild  type  with  succinate  as  sole  carbon 
source  was  stimulated  by  the  addition  of  acetate,  alanine, 
or  glycine. 

3.  Large  increases  in  succinate  concentration  brought  about 
only  a slight  decrease  in  the  length  of  the  delay  on 
sued  nate. 

4.  No  real  difference  in  growth  yield  constants  could  be 
demonstrated  suggesting  that  both  strains  had  similar 
energy-producing  mechanisms. 

5.  The  eventual  growth  of  the  wild  type  in  succinate  broth 
proved  to  be  a mutational  adaptation  which  remained 
stable  through  transfer  on  nonsuccinate  medium. 

6.  A decreasing  lag  period  was  observed  with  increasing 
inoculum  size,  probably  due  to  the  inclusion  of  a large 
number  of  mutants. 

7.  The  oxidation  rate  of  the  wild  type  with  succinate  was, 
on  the  average,  only  20  per  cent  less  than  that  of  the 
mutant . 

8.  A decrease  in  cell  concentration  of  the  mutant  in  the 
Warburg  vessels  resulted  in  an  increased  rate  of  oxygen 
uptake.  The  rate  of  oxygen  uptake  in  the  presence  of 
(NH/|)2S0£^  was  slightly  higher  in  the  wild  type  implying 
that  a regulatory  mechanism  might  be  in  the  pathways  of 
assimi lation. 
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9.  Delay  of  growth  on  succinate  in  the  wild  type  was  thought 
possibly  to  be  due  to  the  accumulation  of  some  inhibitory 
product,  perhaps  oxalacetate.  This  compound  was  shown  to 
inhibit  succinate  dehydrogenase  when  added  to  the  reaction 
mixture,  but  no  such  accumulation  could  be  demonstrated  in 
tracer  experiments.  Total  oxygen  uptake  was  not  reduced 
in  the  presence  of  excess  succinate  as  would  be  expected 
if  such  an  inhibitor  were  accumulating. 

10.  No  significant  difference  in  Krebs  cycle  enzyme  activity 
could  be  demonstrated,  with  the  exception  of  i soci t ri tase, 
However,  when  this  enzyme  was  induced  in  the  fast-growing 
mutant  no  inhibition  of  growth  on  succinate  was  observed. 

It  was  concluded,  therefore,  that  the  block  to  succinate  utiliza- 
tion in  the  wild  strain  occurred  in  the  assimilatory  pathways,  and  that 
it  might  be  associated  with  a shortage  of  acetate  or  acetyl  Coenzyme  A. 
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